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LAY ABSTRACT

Medulloblastoma is an aggressive brain cancer in children. While current standard
treatment improves patient survival, 30-40% of all medulloblastoma patients relapse at
local (brain) or metastatic (spine) sites. Medulloblastoma metastatic recurrences remain
poorly understood, yet they result in an alarmingly high mortality rate amongst patients due
to inadequate treatment options currently available. Specific molecular targets are common
in both medulloblastoma and metastatic cancer research. These targets are particularly
important in governing cell signalling pathways that regulate tumour growth and migration.
Therefore, treatment against these targets may be effective at preventing medulloblastoma

metastatic recurrences.

As the collection of local and metastatic tumour samples at patient relapse are rare, the
Singh lab developed an animal model that mimics human medulloblastoma recurrence. In
this thesis, recurrent medulloblastoma metastases were isolated from our established
animal model and tested against compounds that inhibit the specific molecular targets
previously implicated in medulloblastoma and other metastatic tumours. We identified
potent compounds that effectively target these metastatic cells. Next, we determined which
compounds spared healthy cells and were able to penetrate the brain, given our future
objective of targeting these MB cells from their source to ultimately prevent metastasis.
The identified compounds substantially reduced the ability of these cells to divide. With
further investigation, these compounds may pose as effective therapeutic agents to treat

human medulloblastoma patients with metastatic recurrences.
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ABSTRACT

Medulloblastoma (MB) is the most common malignant pediatric brain tumour. Of its four
distinct molecular subgroups (WNT, SHH, Group 3, and Group 4), Group 3 MB patients
hold the worst clinical prognosis due to their high incidence of tumour recurrence and
metastasis to the spinal leptomeninges. Relapsed Group 3 MB patients, particularly those
with MYC amplification (known as Group 3y), carry a mortality rate of nearly 100%, given
the paucity of effective therapeutic options currently available. The most common cause of
mortality amongst these patients is leptomeningeal metastasis, yet this metastatic disease is
poorly characterized. Our understanding of MB tumour recurrence and leptomeningeal
metastasis is further encumbered by the rare clinical opportunities at which specimens may
be collected from relapsed patients. We were able to circumvent this obstacle by
establishing a patient-derived xenograft mouse-adapted therapy model, which mimics the
treatments administered in the clinic and in turn, recapitulates both local and metastatic
human MB recurrence. This model system enabled the collection of valuable, patient-
derived Group 3y MB tumour cells from the spinal leptomeninges at relapse. It provides
an opportunity for chemical screening, with the aim of identifying small molecule inhibitors
capable of eradicating these cells. Existing studies on MB leptomeningeal dissemination at
diagnosis suggest that effective treatments may target signalling proteins, such as
phosphatidylinositol 3-kinases and histone deacetylases (HDACs). Therefore, |
hypothesized that selective kinase and HDAC inhibitors would pose as effective therapies

against Group 3y MB metastatic recurrences.
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In this thesis, | conducted a high-throughput screen of 640 kinase inhibitors and robust
testing of novel HDACG6-selective inhibitors against these treatment-refractory, metastatic
cells. Here, 1 showed that metastatic recurrences of Group 3y MB are therapeutically
vulnerable to selective inhibitors of checkpoint kinase 1 (CHK1), platelet-derived growth
factor receptor beta (PDGFR), and HDACS6. Functional studies demonstrated that these
inhibitors selectively target the aggressive, migratory Group 3y MB cells, while sparing
healthy neural stem cells. They also showed effective blood-brain-barrier penetration in
silico and in vitro, while significantly reducing MB tumour cell properties that are often
associated with treatment failure. Taken together, my thesis highlights specific inhibitors
of CHK1, PDGFRp, and HDAC6 that effectively target MB tumour cells that fuel
treatment-refractory leptomeningeal metastases. With additional preclinical validation,
these compounds may serve as potent therapeutic options to extend survival and improve

the quality of life for patients that are ostensibly limited to palliation.
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CHAPTER 1: Introduction

1.1 Medulloblastoma

1.1.1 Epidemiology

Central nervous system (CNS) tumours are the most common solid malignancies in
children and are the leading cause of childhood cancer-related mortality (Northcott et al.,
2012a; Pui, Gajjar, Kane, Qaddoumi, & Pappo, 2011). In Canada, such tumours account
for 34% of cancer-related deaths among children (Siegel, Naishadham, & Jemal, 2012).
These pediatric brain tumours are predominantly located in the posterior fossa, particularly
the cerebellum. As the most common malignant brain cancer in children, medulloblastoma
(MB) originates in the cerebellar region of the brain. MB was first described in 1925 by
Bailey and Cushing (Bailey & Cushing, 1925). It constitutes approximately 20% of all
childhood CNS neoplasms (Rossi, Caracciolo, Russo, Reiss, & Giordano, 2008). This
embryonal disease represents over 64% of all CNS tumours in American children and
adolescents age 0-14 years, with the median age of diagnosis at ~6 years old (Khanna et
al., 2017; Ostrom et al., 2019). MB incidence rates decline with increasing age after 9 years
old (Ostrom et al., 2019). Conversely, adult MB is a rare disease entity, accounting for only
1% of CNS tumours (Lassaletta & Ramaswamy, 2016). Hereafter, MB is defined as

pediatric MB, unless otherwise stated.

With nearly uniform incidence rates across geographical regions and ethnicities, MB

affects 14.6 per 1,000,000 children and adolescents age 0-14 years in the United States of

America, annually (Ezzat et al., 2016; Ostrom et al., 2019). An earlier study indicated that
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4.82 per 1,000,000 Canadian children and adolescents age 0-14 years are affected each year
(Johnston et al., 2014). Additionally, MB is twice as common in males by comparison to

females (Khanna et al., 2017).

1.1.2 Diagnosis, standard treatment regimens, and risk stratifications

The cerebellum is responsible for fine motor coordination, gait, balance control, vestibular
ocular reflex, sensory-motor learning, spatial memory and speech (Hatten & Roussel,
2011). MB patients present with a combination of impairments in these functions and
symptoms related to increased intracranial pressure due to the obstructive hydrocephalus
occluding the flow of cerebrospinal fluid (CSF) between ventricles — primarily involving
the fourth ventricle or its outlets (Schneider et al., 2015). Differential diagnosis from other
childhood brain tumours relies on these clinical symptoms, neurological assessment,
advanced neuraxis imaging, tissue biopsy from surgery, as well as subsequent molecular
and histopathological analysis. When necessary, a lumbar puncture may be performed for

CSF cytology analysis.

The current standard treatment protocol consists of maximal safe surgical resection for all
MB patients. Adjuvant treatment of craniospinal irradiation and cytotoxic chemotherapy
regimens depend on age and clinical paradigms (i.e., volume of residual tumour following
surgery and extent of disease metastasis), which determine patient risk stratification
(Ellison, 2010; Packer et al., 2006). Standard-risk patients are 3 years of age or older and,

who present with less than 1.5cm2 of post-operative tumour and negative metastatic results
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(MO; defined below) by craniospinal magnetic resonance imaging (MRI) and CSF cytology
(Fouladi et al., 1999; Polkinghorn & Tarbell, 2007). Typical protocol for standard-risk
patients includes gross total resection, a combination of chemotherapy regimens, in
addition to 23.4 Gy of upfront craniospinal irradiation and a localized boost of 54 Gy to the
primary tumour (A. Gajjar et al., 2006; ISPN, 2020). In comparison, high-risk patients are
3 years of age or older with 1.5cm2 or more residual tumour, with or without evidence of
leptomeningeal metastasis (M1-M3, or M+; defined below). These patients receive near-
total or gross total tumour resection, chemotherapy, and intensified radiotherapy, often
involving “full-dose” craniospinal irradiation of 36.0 Gy, and conformal boost of 55.8 Gy
to the posterior fossa and focal sites of metastases (A. Gajjar et al., 2006; ISPN, 2020;
Polkinghorn & Tarbell, 2007; Ramaswamy et al., 2016). As intensive craniospinal
irradiation causes deleterious damage to the developing CNS, MB patients younger than 3
years old at diagnosis are also considered high-risk and generally receive only intensive
chemotherapy with or without autologous bone marrow or stem-cell transplant (Bouffet,
2010). Recent chemotherapy protocols for children with MB employ a combination of
cisplatin, vincristine, cyclophosphamide, and lomustine (Martin, Raabe, Eberhart, &
Cohen, 2014; Packer et al., 2006). While all warrant toxicity to both cancerous and healthy
tissue, each differs in their mechanism of action in ablating fast-growing cells. For example,
cisplatin is a platinum-based, antineoplastic agent that induces DNA damage by cross-
linking with purine bases, which interferes with DNA repair mechanisms and subsequently
activates apoptosis (Dasari & Tchounwou, 2014). Vincristine causes metaphase arrest

through binding to tubulin in microtubules, which leads to the inhibition of microtubule
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formation in mitotic spindles (Rowinsky & Donehower, 1991). Both cyclophosphamide
and lomustine are alkylating agents; used interchangeably with cisplatin and vincristine
treatment protocols (Martin et al., 2014; Packer et al., 2006). In addition, induction
chemotherapy for infants with MB, whom do not receive any craniospinal irradiation,
typically includes cisplatin, vincristine, cyclophosphamide, and etoposide; the latter of
which forms a complex with DNA and topoisomerase 11 to induce double-stranded breaks
in DNA and prevent DNA re-ligation (ISPN, 2020; Montecucco, Zanetta, & Biamonti,

2015).

To classify disease dissemination, the Chang staging system consists of five highly
prognostic stages that define the degree of metastasis (Chang, Housepian, & Herbert, 1969;
Polkinghorn & Tarbell, 2007).
(1) MO: No evidence of metastatic disease by CSF cytology and craniospinal MRI;
(2) M1: Positive CSF cytology without gross leptomeningeal tumour deposits visible
on neuroaxis imaging (MRI);
(3) M2: Presence of gross nodular seeding in cerebellum, third or lateral ventricles, or
cerebral subarachnoid space;
(4) Ma3: Presence of gross nodular seeding in spinal subarachnoid space;
(5) M4: Metastatic disease outside of the CNS.
The greater propensity of MB to metastasize by comparison to other types of CNS tumours
poses challenges for effective treatment development (R. E. Taylor et al., 2005). Analysis

of 547 MB patients across multiple clinical trials demonstrated the direct correlation
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between high M-stage and poor clinical outcome (Ellison et al., 2011; Kortmann et al.,
2000; Zeltzer et al., 1999). Of note, extraneural metastases (Chang M4-stage) are rare, only
occurring in 1-5% of MB patients and are often related to ventriculoperitoneal shunt

complications (Muoio et al., 2011).

Advancements in diagnostic testing, imaging techniques, molecular and histopathological
analysis, and treatment modalities substantially increased the overall survival of MB
patients over the past 40 years. Five-year survivorship among standard- and high- risk
patients now range from 70-86% and 59-70%, respectively (Gandola et al., 2009; Jakacki
et al., 2012; Packer et al., 2006; Ramaswamy et al., 2016; R. E. Taylor et al., 2003).
However, particularly troubling is the fact that MB survivors still experience severe
neurocognitive, neuroendocrine, and developmental long-term sequelae, along with the
uncertainty of secondary tumour formation, irrespective of the best current treatment
protocols (Laughton et al., 2008; Mabbott, Penkman, Witol, Strother, & Bouffet, 2008;
Mabbott et al., 2005; Palmer et al., 2013; Spiegler, Bouffet, Greenberg, Rutka, & Mabbott,

2004).

1.2 Histopathological and molecular classification of medulloblastoma

1.2.1 Histopathology

Additional complexity emerged from histological and cytogenic profiling of MB, which
combined with clinical parameters, revealed that it is not a single disease entity. Based on

such features, the 2007 World Health Organization (WHO) classification of CNS tumours
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stratified MB into five subtypes — (i) classic, (ii) desmoplastic/nodular, (iii) MB with
extensive nodularity, (iv) large cell, and (v) anaplastic MB (Louis et al., 2007; Rusert, Wu,
Eberhart, Taylor, & Wechsler-Reya, 2014). This order also denotes the histological
progression of each subtype, such that large cell and anaplastic MB are considered to be
highly malignant. Given the substantial degree of cytological overlap between these
subtypes, large cell and anaplastic MB are often grouped together as large cell/anaplastic
histology and correlate with poor clinical outcome. However, as multiple histological
subtypes were observed in a single tumour biopsy, this system provided limited prognostic

value (Kool et al., 2012; Louis et al., 2007; M. D. Taylor et al., 2012).

1.2.2 Current molecular subgroups and clinical prognosis

Unsupervised hierarchical clustering of bulk primary MB tumours led to the stratification
of four distinct molecular subgroups — Wingless (WNT), Sonic Hedgehog (SHH), Group 3
and Group 4 MB (Kool et al., 2008; Northcott et al., 2011; M. D. Taylor et al., 2012;
Thompson et al., 2006). These subgroups account for 10%, 30%, 25% and 35% of all MB
patients, respectively (J. Wang, Garancher, Ramaswamy, & Wechsler-Reya, 2018). Each
are associated with a unique clinical, genomic, epigenomic, gene expression, and
histological profile (e.g., age at diagnosis, somatic single-nucleotide variants (SNVs) and
copy number alterations, cytogenetics, clinical outcome, pattern of patient relapse,
incidence of metastasis). Constituent activation of WNT and SHH signaling pathways
characterize WNT and SHH MB, respectively; however, Group 3 and 4 MB lack defined

mechanisms of action for driving their initiation and progression (Kool et al., 2008;

20



M.Sc. Thesis — A. A. Adile; McMaster University — Biochemistry & Biomedical Sciences

Northcott et al., 2011; M. D. Taylor et al., 2012; Thompson et al., 2006). Such differences
in tumour biology across each molecular subgroup relate to their varied responses to
therapy. Integrative genomic analyses confirmed that these subgroups guide patient
prognosis (Cho et al., 2011; J. Wang et al., 2018). Patients diagnosed with WNT MB have
a favourable clinical outcome. Constitutive WNT activation in MB mediated by mutant
CTNNB1 expression and/or nuclear stabilization of p-catenin, leads to abnormal
fenestration of the vascular endothelium, which comprises the blood-brain barrier (BBB)
(Clifford et al., 2006; Phoenix et al., 2016). The resulting porosity and corresponding lack
of a functional BBB in genetic mouse models of human WNT MB make these tumours
vulnerable to systemic, cytotoxic chemotherapy regimens — even vincristine, which was
previously shown to have limited BBB penetration (Boyle, Eller, & Grossman, 2004;
Phoenix et al., 2016; Verstappen et al., 2005). Aberrant vasculature and paracrine signaling
formed in WNT MB contribute to excellent patient survival, even upon rare, metastatic
WNT MB tumours. This is in stark contrast to SHH MB, and particularly the aggressive
non-WNT/SHH MB subgroups. Group 3 and 4 MBs are associated with a high incidence
of tumour recurrence and metastasis — both of which are indicators of poor clinical outcome
(M. D. Taylor et al., 2012). Overall, SHH and Group 4 MB have intermediate patient
prognosis, while Group 3 MBs are associated with extremely poor outcomes (i.e., best to

worst survival: Wnt > SHH > Group 4 > Group 3) (Fults, Taylor, & Garzia, 2019).

Development of integrative genomic algorithms enabled further division of these four

molecular subgroups into twelve subtypes (i.e., two WNT, four SHH, three Group 3, and
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three Group 4 MB subtypes), demonstrating intra-subgroup (termed intertumoral)
heterogeneity based on somatic copy-number aberrations, differentially activated
signalling pathways, and clinical prognosis (Cavalli et al., 2017). This robust intra-
subgroup classification system expedited discussions of clinical trials focused on de-
escalation of conventional chemoradiotherapy treatment for WNT MB and infant
subgroups of SHH MB, as such patients have low risk of relapse and favourable prognosis
(Cavalli et al., 2017; Kuzan-Fischer, Guerreiro Stucklin, & Taylor, 2017). This new
stratification also underscores the presence of three distinct subtypes within Group 3 MB:

(a) Group 3a frequently metastasizes upon diagnosis in infants and young children, yet
patients hold the best clinical outcome (66.2% 5-year survival) relative to other
Group 3 subtypes;

(b) Group 3B is found in children and adolescents with high expression of growth factor
independent 1 (GFI1) family transcription factor and amplification of orthodenticle
homeobox 2 (OTX2), in which patients hold intermediate 5-year survival (55.8%)
based on other subtypes in this subgroup;

(c) Group 3y is present in infants and young children with v-myc avian
myelocytomatosis viral oncogene homolog (MYC) amplification and high
frequency of metastasis, which confers the worst patient prognosis (41.9% 5-year
survival).

Even upon re-classification of MB, Group 3a, 3, and y MB collectively hold the worst 5-
year overall survival among all subtypes in each of the four molecular subgroups (Cavalli

etal., 2017). Additionally, MB patient outcomes are increasingly hindered by the disease’s
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paucity of somatic SNVs, extensive intertumoral heterogeneity, low tumour incidence
relative to its adult brain tumour counterpart (i.e., incidence rate of glioblastoma (GBM) is
more than double the rate of MB, at 40.6 per 1,000,000 people annually), and prominent
research focus on the primary, rather than the recurrent disease (Walker, Davis, &

Affiliates, 2019).

Overall, an integrated approach to MB diagnosis has redefined previous predictors of
prognosis. Both histological and molecular variants should be taken into account when
determining risk stratification and thereby treatment protocols. As outlined by the WHO,
Group 3 MB patients with classic histology are considered to have a standard-risk tumour,
while large cell/anaplastic histology clinically correlates with high-risk prognosis (Louis et
al., 2016). Hill et al. (2015) also noted that large cell/anaplastic histology defines high-risk
strata, as does MYC amplification, TP53 mutation, chromosome 17 defects, and disease
dissemination. Similarly, Ramaswamy et al. (2016) emphasized that Group 3 MB patients
with metastases have very high-risk tumours. MBs harbouring somatic TP53 mutations
were initially thought to be an independent predictor of poor clinical outcome (Tabori et
al., 2010). However, this was later shown to be subgroup dependent, as WNT MB patients
with TP53 mutations have excellent prognosis (Lindsey et al., 2011; Ramaswamy, Nor, &
Taylor, 2015; Zhukova et al., 2013). In Group 3 MB, these mutations are not commonly
observed; rather, they are prevalent at relapse, often associated with MYC amplification
(Hill et al., 2015). In addition, the most common cytogenetic feature of Group 3 MB is

isochromosome 17q, which constitutes a coordinate loss of chromosome 17p and gain of
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chromosome 17q. This occurs in 40% of Group 3 MB patients and correlates with poor

survival (Shih et al., 2014).

1.2.2.1 Developmental origins of medulloblastoma subgroups

To develop improved therapeutic strategies, it is necessary to have a comprehensive
understanding of the biology and specifically, the cell of origin for MB. However, patient-
to-patient variability and intertumoral heterogeneity convolute this investigation, which

ultimately confounds the development of effective, curative therapies (Pugh et al., 2012).

WNT MB is thought to originate from cells in the extracerebellar lower rhombic lip of the
developing brain stem (Gibson et al., 2010). SHH, Group 3, and Group 4 MB were
previously described to arise in the cerebellum (Kawauchi et al., 2012; P. Li et al., 2013;
Pei et al., 2012; Wallace, 1999; Wechsler-Reya & Scott, 1999). Previous data suggested
that SHH and Group 3 MB arise from granule cell precursors (GCPs) and Nestin-expressing
cells, respectively, while Group 4 MBs are part of the glutamatergic cell lineage (Northcott
et al., 2012b; Schuller et al., 2008; Z. J. Yang et al., 2008). Until recently, no definitive

evidence has validated this speculation.

While transcriptomic sequencing of bulk MB tumours provided these molecular insights,
such techniques cannot render a more detailed picture of the dynamics of MB
tumorigenesis. Researchers must instead look at individual cellular subpopulations. Recent

advancements in sequencing technology now offer a unique opportunity to analyze single
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cells within bulk tumours to deconstruct the heterogeneous cell populations that drive
tumour initiation and progression (Suva & Tirosh, 2019). For the first time, Vladoiu et al.
(2019) exploited in-depth single-cell RNA sequencing (SCRNA-seq) to elucidate the cells
of origin for cerebellar MB subgroups (SHH, Group 3, and Group 4 MB). Unbiased
scRNA-seq of normal murine cerebella was performed at several embryonic and post-natal
timepoints, which aimed to discern the underlying transcriptomics of the developing
cerebellum, and by extension how this development goes awry in MB. This enabled the
identification of 30 cell clusters (or cell types), which when coupled with pseudo-time
trajectory analysis, allowed the authors to pinpoint when specific cell lineages arose in
normal development. Expression of stem cell marker, Nestin, (Nestin+) was prevalent in
early cerebellar development, after which neuronal cells related to various
neurotransmitters (glutamatergic and GABAergic) primarily appeared. Glial cells were
seen at a relatively later timepoint in normal development. To validate this model, the group
referenced mouse/human orthologues when conducting bulk RNA sequencing of 145 MB
(60 SHH, 40 Group 3, and 45 Group 4 MB) patient-derived tumour samples. Comparison
of specimen cell types to normal murine cerebellar cell clusters confirmed previous
literature and speculation of the cell of origin or lineage for each subgroup. Cells identified
from SHH MB were most similar to GCPs as previously suggested; however, they
demonstrated a substantial degree of intertumoral heterogeneity, which further validates
the recent sub-stratification of SHH MB into four subtypes (Cavalli et al., 2017; Vladoiu et
al., 2019). Group 3 MB cell clusters best matched to Nestin+ and GABAergic cell clusters,

while also showing resemblance to GCP and unipolar brush cells (UBCs) (Vladoiu et al.,
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2019). Building on previous reports, this study demonstrated that Group 4 MB samples best
matched with UBCs, which descend from the glutamatergic cell lineage, suggestive that
glutamatergic neurons and UBCs are the putative cells of origin for this subgroup

(Hovestadt et al., 2019; Vladoiu et al., 2019).

As results from bulk RNA sequencing of these cerebellar MB tumours were consistent with
scRNA-seq of normal murine cerebellar cells, the next logical comparison involved
scRNA-seq of human MB tumours. As such, sSCRNA-seq analysis of 8 MB patient samples
(2 SHH, 2 Group 3, and 4 Group 4 MB) yielded results consistent with their initial findings
from bulk RNA sequencing (Vladoiu et al., 2019). While scRNA-seq of normal human
cerebellar cells would be the ideal comparator to transcriptomic data of human MB, clinical
opportunities to collect such samples are rare. Even with this limitation, findings from
scRNA-seq suggest that Group 3 MBs demonstrate multi-lineage differentiation, such that
this subgroup may be derived from an uncommitted cerebellar stem cell (Vladoiu et al.,
2019). Consistent with this hypothesis is SCRNA-seq analysis of 25 patient and patient-
derived xenograft (PDX) MB samples that identified the molecular programs within each
subgroup (Hovestadt et al., 2019). Here, the authors reported on the differentiation gradient
between Group 3 and Group 4 MB; dominated by undifferentiated progenitor-like cells and
differentiated neuronal-like cells, respectively (Hovestadt et al., 2019). This data aligns
with previous findings, which emphasized the overlap in transcriptional and epigenetic

signatures of non-WNT/SHH MB (Cho et al., 2011; Northcott et al., 2017). Furthermore,
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alterations in stem cell maintenance and differentiation in Group 3 MB further support the

notion of an early cerebellar stem cell origin.

1.2.2.2 Stem cells vs. cancer stem cells

Canadian scientists, Ernest McCulloch and James Till first identified the presence of adult
stem cells in the 1960s, upon transplantation of bone marrow cells into irradiated mice.
Through in vivo assays, they observed hematopoietic stem cell colonies formed in the
spleen (Becker, McCulloch, & Till, 1963; Siminovitch, McCulloch, & Till, 1963). Equally
important was the understanding that stem cells required functional characterization. This
involves the use of specific markers and assays to determine whether a single cell has the

capacity to give rise to macroscopic colonies (Siminovitch et al., 1963).

Self-renewal defines the unique quality of stem cells. As a determinant of stemness, self-
renewal describes the ability of a parental cell to symmetrically or asymmetrically divide,
generating either two identical daughter cells, or a combination of an identical and
differentiated progeny, respectively (Yoo & Kwon, 2015). This property can be tested using
a surrogate in vitro assay, whereby a single cell is plated in chemically defined media and
visually observed for the presence or absence of a clonal, spherical colony of cells
(Reynolds & Weiss, 1992, 1996). Consequently, this single-cell derived sphere formation
assay is considered to be a surrogate assay for stem cell activity. Modification to this

experiment to conduct a limiting dilution analysis (LDA), wherein various cell densities
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are plated (e.g., 1 to 1,000 cells), can measure the frequency of these colonies, and in turn

the frequency of prospective stem cells (Seyfrid et al., 2019).

A similar sub-population of stem cells were described in cancer, in which the spherical
stem cell-derived colonies are termed tumorspheres. This denotes cancer stem cells (CSCs),
which represent a small population of stem cells that drives tumorigenesis. Based on the
CSC hypothesis, CSCs constitute the apex of the cellular hierarchy within tumours. CSCs
were initially discovered in acute myeloid leukemia (AML) by Lapidot et al. in 1994. Here,
the authors noted that a small fraction of human AML cells was phenotypically similar to
normal hematopoietic stem cells, but the former were responsible for propagating the
disease upon transplantation into immunodeficient mice. Cell surface markers, CD34+
CD38-, distinguished these AML CSCs from the remainder of the cell population (Bonnet
& Dick, 1997; Lapidot et al., 1994). Similar CSC populations were later discovered in
breast, brain, colon, and lung tumours, amongst other cancers (Al-Hajj, Wicha, Benito-
Hernandez, Morrison, & Clarke, 2003; Eramo et al., 2008; O'Brien, Pollett, Gallinger, &
Dick, 2007; Ricci-Vitiani et al., 2007; Singh et al., 2003; Singh et al., 2004). Irrespective
of tumour type, CSCs can self-renew, differentiate, and recapitulate the immunophenotype
of the primary tumour upon engraftment into immunocompromised mice (Kurpios et al.,
2013). As a result, the gold standard for CSC functional experiments include both in vitro
LDA and secondary sphere formation assays, and most importantly, in vivo tumour

formation assays (Singh et al., 2004; Zhong, Astle, & Harrison, 1996). Specifically, in vivo
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LDA can elucidate the frequency of tumour-forming CSCs, whereby various cell densities

of an often-heterogeneous population of tumour cells are injected into mice.

1.2.2.3 Identification of medulloblastoma stem cells

Prior to these studies, a stem cell origin was postulated to drive MB tumorigenesis, given
the marked resemblance between somatic and CSC mechanisms (Pardal, Clarke, &
Morrison, 2003; Reya, Morrison, Clarke, & Weissman, 2001). Singh and colleagues
identified CSCs specific to the brain, termed brain tumour-initiating cells (BTICs), which
they determined were marked by CD133, a human neural stem cell marker (Singh et al.,
2004; Uchida et al., 2000). Surrogate in vitro and in vivo stem cell assays elucidated that
the CD133+ sub-population of human brain tumours (MB and GBM) propagate tumour
initiation, recurrence, and metastasis. Moreover, Reya and colleagues demonstrated that
determinants of stemness contribute to treatment failure and relapse, irrespective of
whether such factors are present in the bulk tumour or rare clonal cells (Reya et al., 2001).
This is in stark contrast to the remaining non-BTIC cell fraction that exhibit marked
therapy-sensitivity, lack self-renewal capacity, and are unable to reform tumours at low

clonal densities (Singh et al., 2003; Singh et al., 2004).

Individual cells within the bulk MB tumour may have variable proliferative, self-renewal,
and differentiation ability, but BTICs still hold the greatest capacity to reform tumours. As
a result, the overarching question in MB research concerns whether these BTICs emerge

from de-differentiation of a normal brain cell, or a transformation event of a normal human
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neural stem cell (hNSC) or progenitor cell (Reyaet al., 2001). With significant brain tumour
heterogeneity, a multi-potential cell of origin is highly plausible, particularly due to the
presence of several neural lineage phenotypes with distinct gene expression profiles and

cell surface markers (Pardal et al., 2003).

While normal and cancer stem cells undergo similar proliferation, differentiation and cell
survival processes, self-renewal remains at the forefront of these shared stem cell
properties. Upregulation of self-renewal in distinct clonal cells at diagnosis is thought to
drive MB recurrence and metastasis (Reya et al., 2001; Wu et al., 2012). The presence of
this rare sub-population of MB cells that retains the unique properties of somatic stem cells
ensues MB tumour progression, resistance to conventional therapy, and disease

dissemination (Dean, Fojo, & Bates, 2005).

1.3 Medulloblastoma recurrence

1.3.1 Genetic divergence between primary and recurrent specimens

Our current knowledge of MB is largely based on research investigating the bulk tumour
population of treatment-naive samples. Any therapeutic regimen identified to be effective
on these specimens are poised to fail in treatment-refractory lesions, as recent studies
provided insight on the complexity of recurrent MBs. Such literature indicated that local
and metastatic recurrences of MB retain their subgroup affiliation from the tumour at
diagnosis, but are highly genetically divergent from their matched primary tumour

(Morrissy et al., 2016; Ramaswamy et al., 2013; Wu et al., 2012). Such differences arise
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from the genetic changes that occur during tumour evolution, in which a minor clone
present at diagnosis becomes the dominant clone driving recurrence (Morrissy et al., 2016).
Unfortunately, this finding hinders data extrapolation of primary to recurrent tumour

samples.

1.3.2 Local vs. metastatic tumour recurrence

Despite advances in molecular research and multimodal therapies, 25-40% of SHH, Group
3, and Group 4 MB patients experience tumour recurrence (Shih et al., 2014). Between
1991 and 2012, Ramaswamy and colleagues (2013) investigated whether particular
subgroups favoured local (primary tumour bed) or metastatic (spinal cord) sites to establish
a thriving recurrent nidus. In delineating these subgroup-specific recurrence patterns, they
indicated that SHH MB recur locally, while metastatic recurrences were common in Group
3and 4 MB tumours. Conversely, they noted that while WNT MBs are able to recur at both
local and distal sites, this occurrence is rare (Ramaswamy et al., 2013; Shih et al., 2014).
Even upon tumour recurrence, WNT MB patients can be more easily salvaged with
conventional therapies, unlike relapsed MB patients with differential subgroup association
(Ramaswamy et al., 2013). With improved diagnostic imaging, MRI detected that
dissemination patterns of Group 3 MB are often diffused multifocal or laminar in
comparison to the nodular pattern in SHH and Group 4 MB (Zapotocky et al., 2018). The
latter were more frequently isolated focal metastases. In addition, Group 4 MB metastases
were not exclusive to one location, arising in the supratentorial (cerebrum), infratentorial

(cerebellum), suprasellar (above skull depression; contains pituitary gland), and spinal

31



M.Sc. Thesis — A. A. Adile; McMaster University — Biochemistry & Biomedical Sciences

regions of the CNS. Unlike SHH and Group 3 MB, Group 4 MB metastases were highly

specific to the suprasellar region (Zapotocky et al., 2018).

In most cancer types, metastasis involves the epithelial-to-mesenchymal transition (EMT),
wherein neoplastic cells relinquish their strong cell-cell adhesion for mesenchymal
characteristics to be more migratory and invasive (Valastyan & Weinberg, 2011). This
paradigm for hematogenous metastases consists of cell invasion into the extracellular
matrix of the primary tumour site, intravasation into the bloodstream, extravasation out of
the bloodstream to a distant organ, and colonization of a macroscopic metastasis (Fults et
al., 2019). Conversely, MB dissemination undergoes an analogous invasion-metastasis
cascade. The most frequent route of metastasis involves seeding of the leptomeningeal
surfaces of the brain and spinal cord (hereafter, termed leptomeningeal metastases) (A. J.
Gajjar, Robinson, G. W., 2014). The proposed mechanism at which MB spinal metastases
develop was recently described: (i) tumour initiation where clonal expansion occurs, (ii)
dispersal where metastatic clones move away from the primary site, (iii) after-which
colonization of the surviving clones seed the leptomeningeal space to form the distal

recurrence (Ramaswamy & Taylor, 2017).

In keeping with this mechanism, metastatic MB was initially posited to directly enter the
CSF, given the close proximity of its origin (cerebellum) and the CSF-filled fourth ventricle
(Fults et al., 2019). Characteristics of these metastases not only include enhanced migration

and invasiveness, similar to other hematogenous metastases, but also weakened cell-cell
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adhesion to promote leptomeningeal metastasis initiation. A recent study provided
extensive data to support the hypothesis that MB can also metastasize via the bloodstream,
by developing a MB parabiosis model (Garzia et al., 2018). Here, MB cells were grafted
into the cerebellum of one immunodeficient mouse (donor), after-which the circulatory
systems of the donor and another mouse (recipient) were surgically joined. The absence of
interconnecting CSF channels and patency of the parabiosis system was then confirmed.
As circulating MB tumour cells were found in the recipient mouse, the authors concluded
that MB can metastasize through the vascular system, despite the CSF pathway offering a
lower resistance route (Garzia et al., 2018). The relationship between leptomeningeal
dissemination and the hematogenous system was previously supported with increased
levels of vascular endothelial growth factor in patients with leptomeningeal metastasis

(Herrlinger et al., 2004).

1.3.3 Clinical outcome of medulloblastoma recurrences

Clinical studies aim to integrate the molecular classification of MB into trial design for
treating local and metastatic relapsed patients. However, current treatment protocols for
these patients lack standardization, contributing to their unsuccessful clinical outcome.
Patients with treatment-refractory MB carry an alarmingly high mortality rate, which
account for nearly 10% of all pediatric cancer-related deaths (Pizer & Clifford, 2009).
Disease management is focused on improving the quality of the patient’s remaining life, as
opposed to curative treatment. Therefore, relapsed MB patients are often limited to

palliative care, as few therapeutic options exist beyond clinical trials, where salvage rates
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are less than 10%, irrespective of treatment modality (Ramaswamy et al., 2013; Sabel et

al., 2016).

The propensity of MB to metastasize almost exclusively to the spinal and intracranial
leptomeninges through the CSF or blood poses additional challenges for treatment. In
particular, MB leptomeningeal metastases strongly correlates with poor clinical prognosis
amongst relapsed patients. Over 90% of relapsed MB patients present with leptomeningeal
metastasis at autopsy, suggestive that current cytotoxic agents are particularly ineffective
against treating MB metastatic recurrences (Allen & Epstein, 1982; Deutsch & Reigel,
1980; Heideman, 1979; Neville & Blaney, 2005). While only 3-5% of all cancer patients
develop leptomeningeal metastases, disease dissemination occurs in nearly 40% of children
with MB at diagnosis and nearly all patients at the time of tumour recurrence, where Group
3 MB metastatic recurrences constitute the majority (Chamberlain, 2010; J. Wang et al.,
2018). Specifically, the incidence of Group 3 MB metastasis accounts for 40-45% of MB
cases, as opposed to 10-15% and 35-40% in SHH and Group 4 MB, respectively (J. Wang
et al., 2018). With the high incidence of recurrence and metastasis that are characteristic of
Group 3 MB, relapsed patients of this subgroup have the worst clinical outcome with a
~50% chance of 5-year survivorship (Cavalli et al., 2017; M. D. Taylor et al., 2012). Given
the failure rates of conventional therapies, the understanding of Group 3 MB metastatic
recurrences is particularly encumbered by the rare clinical opportunities in which these

often-inoperable specimens may be collected from relapsed patients. Therefore,
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appropriate model systems to study this Group 3 MB metastatic recurrences are necessary

to develop efficacious therapies to improve patient survival and quality of life.

1.3.4 Medulloblastoma leptomeningeal metastases

Our current understanding of MB leptomeningeal metastases is greatly limited to
experimental studies from immortalized cell lines, genetically modified models, and one
patient-derived brain and recurrent spinal metastasis matched pair, with particular focus on
SHH MB dissemination (Callegari, Maegawa, Bravo-Alegria, & Gopalakrishnan, 2018;
Gao, Lv, Zhang, Wang, & Chen, 2018; Garner et al., 2018; Garzia et al., 2018; Gholamin
et al., 2017; Grausam et al., 2017; Grunder et al., 2011; Hatton et al., 2008; Jenkins et al.,
2014; Mumert et al., 2012; Rodriguez-Blanco et al., 2019; Santhana Kumar et al., 2015;
Wu et al., 2012). This research includes gene expression analysis that showed increased
CDA47 expression in the metastatic compartment by comparison to the primary tumour site
(Gholamin et al.,, 2017). Macrophage-mediated phagocytosis showed potential in
preclinical models of primary and metastatic Group 3 MBs and other malignant pediatric
brain tumours, whereby a humanized CD47 antibody blocked anti-phagocytic interaction
of CD47-SIRPa (Gholamin et al., 2017). Another targeted study reported efficacy of
UAB30, a synthetic retinoid or vitamin A compound, in reducing CD133+ cell
proliferation, migration, invasion, and tumour metastasis in Group 3 MB commercial cell
lines, as previously shown in neuroblastoma (Garner et al., 2018). Additionally, genetic
knockdown of tripartite motif containing 59 was resulted in a reduction of migration and

invasion in immortalized SHH and Group 3 MB cell lines (Gao et al., 2018). Transforming
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growth factor beta (TGF-p) contributes to MB metastasis by regulating pro-migratory basic
fibroblast growth factor, which leads to MB cell invasion (Santhana Kumar et al., 2018).
They provided better understanding of the interactions leading to tumour dissemination by
identifying that adapter protein, FRS2 regulated tissue infiltration induced by these growth
factors. Minigene ontology analyses showed enhanced TGF-f signalling pathway in Group
3 MB that is mediated by SMAD2/3, which in turn, is implicated in tumour metastasis
(Ferrucci et al., 2018). Additionally, the Database for Annotation, Visualization and
Integrated Discovery identified insulin signalling as a shared pathway amongst human MB
metastases (Wu et al., 2012). NOTCH1 signalling pathway is also involved in Group 3 MB
metastasis, whereby NOTCH1 activates BMI1 through the induced expression of TWIST1.
Intrathecal injections of a NOTCHZ1-blocking antibody served to increase survival and

reduce the frequency of spinal metastases in mice with MB (Kahn et al., 2018).

1.3.4.1 Current models of metastatic medulloblastoma

Wu et al. (2012) generated a Sleeping Beauty transposon model, wherein a specific
transposase was expressed in the precursors of cerebellar granule neurons of transgenic
mice. Addition of this Sleeping Beauty transposition led to disease metastasis, in a model
system that would otherwise develop non-metastatic tumours (Wu et al., 2012). Transposon
mutagenesis identified 584 candidate metastasis-driving genes of SHH MB. This includes
the following encoded proteins: LIM homeobox protein (LHX1), Rab GDP dissociation
inhibitor (GDI2), protein kinase B (AKT), cysteine-cysteine motif chemokine ligand

(CCL2), cysteine-cysteine motif chemokine receptor (CCR2), cell cycle-related kinase
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(CCRK), embryonic stem cell-expressed Ras (ERAS), and Aryl hydrocarbon nuclear
translocator/hypoxia-inducible factor 1 (ARNT). Of note, AKT and ERAS are activated
in the phosphatidylinositol 3-kinase (PI3K) signalling pathway and mediate tumour cell
invasion (Fults et al., 2019). In addition, chemoattractant cytokines recruit inflammatory
monocytes and trigger their differentiation into phagocytic macrophages, which helps
foster a tumorigenic microenvironment. These genes, all of which confer metastatic
characteristics, coincide with the proposed 3-stage cascade of MB leptomeningeal
dissemination. Specifically, Rab-GDI2, thrombospondin-1 (TSP1), LHX1, MYC, receptor
tyrosine kinase (c-Met), hepatocyte growth factor (HGF), and Spint2 are thought to play a
role in migration, invasion, and dissociation in the initiation stage. PI3K signalling, B-cell
lymphoma 2 (Bcl-2), and p53 suppress apoptosis to allow for the survival of tumour cells
through dispersal. Lastly, colonization is marked by proliferation and inflammation, which
is the predominant function of the CCL2-CCR2 axis (Fults et al., 2019). Garzia et al. (2018)
confirmed that metastatic MB samples highly express CCL2. They noted that it was
required for leptomeningeal dissemination, and was thereby likely to drive clonal evolution

of primary MB into metastatic recurrences (Garzia et al., 2018).

Consistent with previous findings, the function of MYC corroborates with the stem cell
origin hypothesis for Group 3 MB. The MYC oncogene fosters an uncommitted and
proliferative cell state in embryonic stem cells (Smith & Dalton, 2010). It was shown to
promote cerebellar stem cell proliferation in vitro (Pei et al., 2012). This MY C-induced

stem cell-like state also promotes cell motility and invasive properties through suppression
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of TSP1 expression. TSP1 contributes to cell-cell adhesion and inhibits angiogenesis
(Bornstein, 1995; Mirochnik, Kwiatek, & Volpert, 2008). In MB, MYC-amplification leads
to loss of TSP1 and thereby increased migration and invasion of MB cell lines (Zhou et al.,
2010). As a high affinity ligand for receptor CD47, low TSP1-CD47 axis in MYC-driven
Group 3 MB might weaken cell adhesion, promoting leptomeningeal metastases (Gholamin
et al.,, 2017; Rogers et al., 2017). Collectively, MYC-amplified Group 3y MB appear
molecularly poised to metastasize. Given the positive correlation between MY C expression
and poor patient prognosis, there is a dire need to develop effective therapeutic options for

these patients.

Few animal models reliably generate MYC-driven human MB tumours. One PDX model
with treatment-refractory MYC-amplified Group 3 MB cells displayed survival benefit of
mice treated with palbociclib, a dual inhibitor of cyclin-dependent kinase 4 and 6 (Cook
Sangar et al., 2017). However, this study did not specifically focus on disease recurrence
or dissemination. Most notably, Pei et al. (2012) generated a mouse model, by which
aggressive tumours developed from transplantation of cerebellar stem cells that were
coinfected with viruses expressing Myc and dominant-negative p53. From this model, it
was reported that BET inhibitor, JQ1, reduced MY C expression and cell viability of MYC-
driven Group 3 MB cells (Bandopadhayay et al., 2014). Modification to the model involved
the addition of a dominant-negative form of cyclin dependent kinase inhibitor 2C that also
conferred similarly aggressive MYC-driven Group 3 MB tumours, which were sensitive to

folate pathway inhibitors (Morfouace et al., 2014). Assessment of human MB patient
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biopsies at diagnosis and relapse confirmed MYC and p53 as biomarkers of Group 3 MB
recurrence (Hill et al., 2015). Shortly after, Pei et al. (2016) used their model system to
show histone deacetylase (HDAC) inhibitors as a potent therapy for MYC-driven Group 3
MB patients. This group found that such agents work in part to enhance the expression of
tumour suppressor, FOXO1, and synergize with PI3K inhibitors to inhibit tumour growth
(Pei et al., 2016). Despite the molecular and pathological resemblance to human Group 3
MB, the caveat of these models is the fact that dominant-negative TP53 SNVs are
infrequent in Group 3 MB, while complete loss of one copy of TP53 is most common

(Ramaswamy et al., 2015).

1.3.4.2 Singh lab model of Group 3y medulloblastoma recurrence

The prominent focus on leptomeningeal dissemination in SHH MB models would be better
positioned to study Group 3 MB metastases, specifically at the time of tumour recurrence.
The Singh lab aimed to develop a more robust model system that mimics the aggressive
and rapidly progressive clinical disease of Group 3 MB recurrence (unpublished data).
Given the rarity of patient biopsy at disease recurrence and metastasis, this model enables
the collection of human Group 3 MB cells from mouse brains and spinal cords to enable
further investigation on the mechanisms driving MB metastatic recurrence. Development
of our established PDX mouse-adapted therapy model provides a robust platform to
recapitulate the treatment administered in the clinic. To model the human disease,
intracranial xenografts of BTIC-enriched, MYC-amplified patient-derived Group 3 MB

cells (HD-MBO3: primary MB, SU_MBO002: treatment-refractory MB) were performed in
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non-obese diabetic severe combined immunodeficiency (NOD SCID) mice. Mice were
divided into control and treatment cohorts, in which the latter received standard
chemoradiotherapy regimens (Figure 1a). Following MRI to confirm engraftment and
treatment administration, NOD SCID mice were sacrificed once the control group reached
endpoint to assess tumour burden and survival advantage. RNA sequencing of HD-MB03
samples validated the genetic disparities between the tumour at engraftment and recurrence
by identifying the subset of genes enriched at post-chemotherapy, post-irradiation and
relapse timepoints. Functional studies confirmed increased aggressiveness of MB
throughout therapy, as noted by experiments evaluating proliferation, self-renewal, and
BTIC frequency following tumour formation. The study of tumorigenesis from the
perspective of key stem cell properties, such as self-renewal, laid the foundation of this
model system. Characterization of the genes regulating self-renewal identified the

treatment-refractory population of MB cells that drive tumour relapse.

1.4 Summary of intent

Tumour recurrence and dissemination are common amongst Group 3 MB patients, by
comparison to other subgroups. This is particularly frequent in MYC-amplified Group 3
MB, which constitutes the worst prognosis amongst all subtypes. These patients face
mortality rates of virtually 100%. Current salvage therapies for these relapsed MB patients
are cytotoxic and ineffective, especially for those with leptomeningeal metastases, which

are often inoperable. This highlights a pivotal gap in current research.
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With the rarity of tumour sample collection at patient relapse, the Singh lab developed a
reliable and robust PDX model of recurrent MB. This model system recapitulated the
therapies administered in the clinic and enabled the isolation of Group 3y MB metastatic
recurrences. Given our limited understanding of treatment-refractory Group 3y MB
metastases, we turned to published data on MYC-driven MB recurrence, MB
leptomeningeal metastases, and other metastatic tumours, which emphasized the efficacy
of kinase and HDAC inhibition. Therefore, we hypothesized that screening of kinase and
HDAC inhibitors would identify effective therapeutic agents that selectively target

treatment-refractory, Group 3y MB leptomeningeal metastases.

CHAPTER 2: Materials & Methods

5.1 Cell cultures

Treatment-refractory Group 3 MB (SU_MB002), which was kindly provided by Dr. Yoon-
Jae Cho (Oregon Health and Science University, OR, United States of America), was
derived from a patient sample, who received only cyclophosphamide and displayed
expression markers of Group 3 MB (Facchino, Abdouh, Chatoo, & Bernier, 2010).
SU_MBO002 were cultured in NeuroCult Complete media (NCC), consisting of
NeuroCultrm NS-A Basal Medium (STEMCELL™ technology #05750) supplemented
with NeuroCult™ Supplement, 20ng/mL epidermal growth factor, 10ng/mL fibroblast
growth factor, 0.1% heparin and 1% penicillin-streptomycin. To visualize spinal metastases
in future in vivo experiments SU_MBO002 were transduced with a lentiviral vector

expressing enhanced Firefly luciferase (pCCL-effLuc-Puror). Lentiviral production first
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involved culturing Lenti-X HEK 293T cells in Dulbecco’s Modified Eagle Medium
(DMEM; Life Technologies #11965-118), supplemented with 10% fetal bovine serum
(FBS), 1% sodium pyruvate, 1% non-essential amino acids and 1% L-glutamine.
Replication-incompetent lentiviruses were produced by co-transfection of the Luciferase
vector and packaging vectors pMD2G and psPAX2 in Lenti-X HEK29T using
Lipofectamine 3000, as recommended by the manufacturer (Thermo Scientific). Viral
supernatants were harvested 48 hours after transfection, filtered through a 0.45 pum
cellulose acetate filter and concentrated by ultracentrifugation at 15,000 rpm for 2 hours at
4°C. The viral pellet was resuspended in 1 mL of media, aliquoted and stored at -80°C. For
transductions, 5.0x10s SU_MBO002 cells were plated in NCC in 6-well tissue-culture-
treated plates. Cells were incubated in a humidified incubator at 370,C with 5% CO2 for 8
hours, prior to adding 1 mL of NCC. Twenty-four hours post-transduction, an additional 2
mL of NCC was given to cells. Puromycin (1 pg/mL) in ImL of NCC was added 72 hours

after transduction and incubated for 48 hours, after which experiments were conducted.

Primary Group 3 MB (HD-MBO03), which were provided by Dr. Robert Wechsler-Reya
(Sanford Burnham Prebys Medical Discovery Institute, CA, United States of America),
were cultured in NCC and supplemented with 10% of FBS. HD-MBO03 cells were seeded
in NCC 24 hours prior to in vitro experiments and preparation for intracranial injections.
Following isolation of human MB cells from mouse spine samples at tumour recurrence

(Figure 1a), culture conditions were consistent with original cell lines (i.e., HD-MBO03-Re-
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sp cultured in NCC supplemented with 10% FBS; NCC only conditions before

experimentation).

Human fetal neural stem cells (hNSCs) were isolated using a previously described protocol
(Venugopal et al., 2012) and were cultured in NCC. Unlike SU_MB002 and HD-MB03
that were directly plated on 10cm cell culture dishes (Thermo Fisher Scientific #150466),
hNSCs first require coating prior to plating cells on 10cm cell culture dishes. This includes
incubating 20% poly-L-ornithine (Sigma #P4957) in sterile DNase, RNase and protease
free water for 1 hour in 370C incubator, and subsequently 0.5% laminin (BD Biosciences
#354232) in phosphate buffered saline (PBS; Thermo Fisher Scientific #10010049) for 2
hours. Prior to experimentation, hNSCs were enzymatically dissociated into single cells

with 1X TrypLE™ Express Enzyme (Thermo Fisher Scientific #12605028).

All cell cultures are frozen stepwise into -800C freezer and liquid nitrogen conditions, in
media comprising of NeuroCultrm NS-A Basal Medium, NeuroCult™ Supplement, and
10% dimethyl sulfoxide (DMSQO; Sigma D2650). Upon thawing low passages of each cell
culture, we aimed to complete experiments within as short of a timeframe as possible. For

culturing cells, all lines were placed in a humidified incubator at 370C with 5% CO..

5.2 Patient-derived xenograft mouse-adapted therapy model

All in vivo experiments were conducted in strict accordance with McMaster University’s

Animal Research Ethics Board. Intracranial injections of HD-MBO03 and SU_MB002, were
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performed in NOD SCID mice, as previously described (Singh et al., 2004). Based on
previous optimization studies (unpublished data), appropriate number of live cells (i.e.,
1x106 cells of HD-MBO03, 5x104 cells of SU_MB002), as determined by Trypan Blue
exclusion (Thermo Fisher Scientific #15250061) via Countess™ II Automated Cell
Counter (Thermo Fisher Scientific #A27977), were resuspended in 10-12ul. of PBS for
injections. NOD SCID mice were anesthetized with isoflurane gas (5% induction, 2.5%
maintenance) and cells were injected into the frontal lobe using a 10 uL. Hamilton syringe.
Mice were divided into five cohorts: control, engraftment, radiation, chemoradiotherapy,
and relapse. Treatment consisted of 2 Gy of craniospinal irradiation (14 days post-
engraftment), as well as single doses of cisplatin (2.5 mg/kg; 21 days post-engraftment),
vincristine (0.4 mg/kg; 21 days post-engraftment) and cyclophosphamide (75 mg/kg), 22

days post-engraftment) (unpublished data).

Mice in the relapse cohort were administered a combination of these modalities. Mice were
sacrificed when the control cohort reached endpoint (i.e., includes but is not limited to,
head swelling, 25% reduction in weight loss, head tilt, and deviations from typical
behaviour) to assess tumour volume. Relapsed mice survived longer than control mice and
were sacrificed upon tumour recurrence (i.e., determined by mouse endpoint). Mouse brain
and spines were isolated from each timepoint and processed for cell culturing, as previously

described (Venugopal et al., 2012).
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5.3 Inhibitors

Compounds in the high-throughput screen were used from frozen stocks from the David
Braley Human Stem Cell Screening Facility, which were initially supplied by the Ontario
Institute for Cancer Research (OICR). The annotated library of 640 kinase inhibitors are
described in Figure 1b. Other compounds used were HDAC inhibitors, which were
provided by the Gunning lab. They include belinostat, citarinostat, ricolinostat, and
vorinostat, as well as novel HDACG6-selective inhibitors — compound N1, compound N2,
compound N3, compound T1, compound T2, and compound T3. Top five screen hits (i.e.,
Bl 2536, CHIR-124, Hesperadin, JNJ-10198409, and SB-218078) provided by the OICR,
and HDAC inhibitors were dissolved in DMSO to 10 mM and further diluted to appropriate

final concentrations in NCC upon time of experimentation.

5.4 Fluorescence-activated cell sorting

Tumorspheres were dissociated into single cells and resuspended in PBS, supplemented
with 2mM EDTA (Thermo Fisher Scientific #15575020). The viability dye 7-
Aminoactinomycin D is used to exclude dead cells by penetrating compromised
membranes and directly bind to DNA (Arndt-Jovin & Jovin, 1989). Live cells were sorted
using MoFlo XDP Cell Sorter (Beckman Coulter) directly into assay plates. Additionally,
human TRA-1-85/CD147 APC-conjugated antibody (R&D Systems #FAB3195A) allowed

for the isolation of human MB cells from extracted mouse brains and spinal cords.
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5.5 Large scale high-throughput screening

5.5.1 Z prime (Z’) assay and optimization

Single cells of HD-MBO03-Re-sp were sorted into a 96-well tissue-culture-treated plate by
Moflo XDP Cell Sorter at densities of 500, 1,000, 2,000, 2,500 cells/per well in 200 pL of
(i) NCC, (ii) NCC + 10% DMEM, or (iii) DMEM, in quadruplicates and were incubated
for 48-72 hours in a humidified incubator at 370,C with 5% CO2. DMSO (0.1%) was the
negative control for cell death, as compounds from the OICR library were initially
resuspended in it. Puromycin and belinostat (0.1%) were used as positive controls for cell
death. Variations in media conditions were used to determine whether a specific culture
medium yielded better separation in readout values between positive and negative controls,
over others. Prior to readout of the Z’ assay, we proposed that if results from all three
conditions were comparable, NCC + 10% DMEM should be used for the high-throughput
screen, as these cells typically grow in NCC, whilst DMEM was significantly less
expensive than NCC. Furthermore, we reasoned this to be appropriate as additional
validation experiments with screen hits would be completed in NCC. Based on these
results, conformational Z’ assays for hNSCs and SU_MBO002-Re-sp were completed in
NCC only conditions, which produced similar results. After 48-72 hours, PrestoBlue™ Cell
Viability Reagent (Thermo Fisher Scientific #A13262), which measures cell viability via
fluorescence of cell metabolism, was manually added to each treated and media control
wells. Fluorescence intensity was measured 4 hours after the addition of PrestoBlue™, by
FLUOstar Omega Fluorescence 556 Microplate reader (BMG LABTECH) at excitation

and emission wavelengths of 540nm and 590nm, respectively. Results were analyzed by
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Omega software. The following calculations were used to determine the respective Z’
values for DMSO versus puromycin, and belinostat. Only the former comparison was
shown below for simplicity (Dell, 2012).

(1) Calculate low (DMSO) and high (Puromycin) readouts for each raw value from

FLUOstar Omega Fluorescence 556 Microplate reader.

DMSORaw value — DMS OAverage
) PurOmyCirlAvcragc - DMSOAvcl‘agc

Low

. PuromycinRaw Value — DMSOAVcragc

High:

Puromycinavenge — DMSOAverage
(2) Average all low and high readouts, in each respective group.
(3) Calculate standard deviation (STDEV) amongst both groups.
(4) Calculate absolute value of averages.

|DMSOAverage — Puromycinaverage

(5) Taken together, calculate the following.

70 = (3(DMSOSTDEV—PuromyCiHSTDEV))
IDMSOAverage—PurOmyCinAveragel

Cell density experiments in hNSCs and SU_MB002-Re-sp were completed in NCC only

conditions and readout after 72-hour incubation.

5.5.2 High-throughput screen
HD-MBO03-Re-sp cells were plated in NCC 24 hours prior to experimentation.
Approximately 2,500 cells/well were seeded by Multidrop™ Combi Reagent Dispenser

into 96-well tissue culture treated plates, following drug treatment. Microlab Nimbus
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dispensed 1mM stock of Kinase inhibitors into intermediate dilution plates with DMEM,
resuspended solution, and subsequently transported 20 pL/well to the corresponding 96-
well plates. DMSO and Puromycin controls were plated at alternating terminals of each
row on the plates (i.e., Puromycin plated in Al, B12, etc.; DMSO plated in A12, B1, etc.)
to ensure proper comparison of cell viability with tested compounds. Screen experiments
were conducted in duplicates with 1 uM as the final concentration of drugs and controls
(0.1% of total well volume). Following 72-hour incubation, PrestoBlue™ was added by the
Multidrop™ Combi Reagent Dispenser and florescence intensity was measured by the
FLUOstar Omega Fluorescence 556 Microplate reader. Cell viability percentage was
calculated by dividing the intensity value in the presence of a particular compound by
DMSO value in the respective row. Mean and standard deviation between duplicates were
determined by Omega software. Drugs in which one or both replicates indicated 50% or

more reduction in cell viability (i.e., 47 compounds) were marked as screen hits.

5.6 Madin-Darby canine kidney strain 11 (MDCKII) assay

5.6.1 MDCKII cell culture

MDCKII cells were derived from a heterogenous parental line (Dukes, Whitley, &
Chalmers, 2011). MTOX1301 cell line (Sigma Aldrich) represent control MDCKII cells,
wherein canine multidrug resistance protein 1 (cMDR1), otherwise known as canine p-
glycoprotein (cP-gp), efflux transporter gene was knocked out in both alleles (MDCK11
cMDR1 KO). Similarly, MTOX1303 cells (Sigma Aldrich) contain no endogenous cMDR1

(cP-gp), but were transfected with human MDR1 (hMDR1, or hP-gp; MDCK11 hMDR1
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KI). Low passages of both MDCKII cell lines were cultured in DMEM medium,
supplemented with 10% FBS, 1% non-essential amino acids, 0.2% normocin, and 0.1%
gentamicin. 3.2x10s cells/mL of each MDCKII cell lines were manually seeded on high
density polyethylene terephthalate membrane inserts (1.0 um pore size, 31 mmz2 surface
area), with 15 mL of media plated on the basolateral side. Cell plates were placed in a
humidified incubator at 370C with 5% COz2 for 72 hours. 400 pL of media was then added
to the apical side of the membrane, while the basolateral side was replaced with fresh
media. Cell cultures were left in incubators for an additional 24 hours prior to

experimentation.

5.6.2 MDCKII permeability assay

Plates (described above) with MDCKII cell cultures on polyethylene terephthalate
membrane inserts were used for this assay. The assay plates were washed with Hank’s
balanced salt solution  (HBSS) twice, prior to  measurements  of
transepithelial/transendothelial electrical resistance to confirm membrane integrity. Either
dosing or receiving buffer was added to wells. The dosing buffer consisted of 25 mM
HEPES-HBSS buffer (pH 7.4), supplemented with 1 uM atenolol, 1 uM metoprolol, and
50 uM Lucifer yellow, along with 5 uM of a drug candidate. 25mM HEPES-HBSS buffer

alone comprised the receiving buffer.

The permeability from the apical to basolateral (AB) side of the membrane, and the reverse

(BA) were used to determine the permeability of each drug. To test AB permeability,
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dosing and receiving buffers were added to the apical (250 pL) and basolateral (1 mL)
chambers, respectively in duplicates, while the opposite was done for BA permeability (i.e.,
dosing buffer added to basolateral chamber, receiving buffer added to apical chamber).
Plates were then incubated at 370C on a 150 rpm shaker for 1 hour. At this time, aliquots
were taken from each chamber. Acetonitrile (3x aliquot volume taken for measurements),
which contains 20 nM verapamil, was then added to each sample aliquot (i.e., if 100 pL
sample was taken, 300 pL solution with acetonitrile and verapamil was added). Verapamil
was the internal standard, which helps to classify whether a drug candidate has low or high
permeability (Volpe, 2010). Plates were then incubated on shaker for 2 minutes. Samples
were then analyzed by liquid chromatography-mass spectrometry (LC/MS) via Waters
Xevo quadrupole time-of-flight mass spectrometer, with a narrow-extraction mass window
technique to ensure higher selectivity, as well as determine relative peak intensities

(Glauser et al., 2016).

5.6.3 MDCKII assay data analysis
Permeability coefficient (Papp), post-assay recovery (PAR), efflux ratio (ER), and KI/KO

ratio were determined based on the following formulas:

(1) Papp = (%) (A;CO), where dC/dt represents the slope of the cumulative

concentration in the receiving chamber versus time, A is the surface area of the
MDCKII cell monolayer, and Co is the initial drug concentration in the dosing

buffer.
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((er /™) + (vax cf i”a’))

(Vax Co)

(2) PAR = , where Vr and Va are the volumes in the receiving

and donor chambers, respectively, while Criina and Cdfinal are the cumulative
concentrations of drug in the corresponding receiver and donor chambers, and Co is

the initial drug concentration in the dosing buffer.

Papp(BA)

3) ER = 22—

(3) BR = o @B)
K1 . ) _ ER(KI)
4) o ratio (or P-gp substrate) = ER(KO)

Of note, acceptance criteria for PAR was denoted as: good (>50%), moderate (>25% to
<50%), low (<25%), rejected (<15%). Dinacilib (compound 44 on Percepta list) was used

as a positive control; KI/KO=6.0.

5.6.4 Liquid chromatography-mass spectrometry (LC/MS)

Drug concentrations were measured with an Acquity UPLC HSS T3 (2.1 x 100 mm, 1.7
pum) column, using ACQUITY UPLC Il system. The mobile phase consisted of 0.1%
formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). A gradient
was established from 100% to 5% solvent A in 4.5 minutes, which was held for 30 seconds,
and returned to 100% in 30 seconds, after which equilibrating the column took place for 1
minute. For mass spectrometric analysis, Waters Xevo QTof mass spectrometer with an
electrospray ionization source and LockSpray ion source was employed. Source parameters
included capillary voltage (0.8kV), cone voltage (25V), source temperature (1500C),
desolvation temperature (5000C), and desolvation gas flow (600 L/hr). Accuracy in mass

measurements was acquired by LockSpray automated exact mass measurement mode,
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where leucine-enkephalin was used as a reference substance. Data was analyzed by

MassLynx 4.1 software.

5.7 Cell viability

Single cells of HD-MBO03, HD-MB03-Re-br, HD-MB03-Re-sp, SU_MBO002, SU_MB002-
Re-br, SU_MBO002-Re-sp, and hNSCs were sorted into a 96-well tissue-culture-treated
plates by Moflo XDP Cell Sorter at an appropriate cell density per well (i.e., 2,500
cells/well for dose response studies to determine 1Cso and 1,000 cells/well for assessing cell
viability at 1Cso concentration in LDA assays, described below) in 200 uL of NCC in
quadruplicates for each sample and incubated for three days. DMSO was the control for
each experiment, as DMSO was the vehicle for all compounds tested. Given the potency of
the kinase inhibitors to the metastatic MB cells to hNSCs, drug studies (refer to Chapter 3)
involved treatment of cells with four-fold dilutions from 2 uM to 7.6 pM (0.1%). Only two-
fold dilutions of HDAC inhibitors from 5 uM to 9.8 nM were required to capture the dose
response curves of these inhibitors (refer to Chapter 4). After 72-hour incubation of
inhibitor or DMSO treatment, 10% PrestoBlue™ was added to each well to estimate
percent cell viability, as described in Chapter 2: Section 2.5.1 Z prime (Z’) assay and
optimization. Prism 6 software was used to construct dose response curves and 1Cso values
were determined by plotting percent cell viability versus transformed dilutions of inhibitors
on a logarithmic (logzo) scale. Henceforth, 1Cso values refer to the effective concentration

of drug at which cell viability was reduced by 50%. ICso concentrations were determined
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by the following formula: IC) = [(100-F)/F]uns x 1Cso0, where F = desired percent response

(i.e., 80 for 80% reduction in cell viability), HS = Hill Slope.

5.8 Sphere formation assays

A tumorsphere arises from a single self-renewing BTIC when cultured in vitro in serum-
free conditions (Bellows & Aubin, 1989). Quantification of BTIC frequency involved
identifying the number of cells capable of forming a single tumorsphere, through in vitro
LDA. To determine this, single cells of all three cell lines were sorted into a 96-well tissue
culture treated plate by Moflo XDP Cell Sorter at cell densities from 1,000 cells/well to
1cell/well, in quadruplicates for each treatment or control. Spheres were manually counted
and defined as five or more cells in contact with each other. The percentage of wells without
spheres for each respective cell density (y-axis; Fo) were scored 72 hours post-treatment
and plotted against the number of cells per well (x-axis; x). Results were plotted using Prism
6 software. To form at least one tumorsphere in each well, the number of cells required
were specified by the point where the line crosses the 0.37 level (Fo = ex) (Bellows &
Aubin, 1989; Tropepe et al., 1999). Concurrently, in vitro secondary sphere formation
assays were performed. Tumorspheres in wells with a density of 200 cells/well in both

treated and control wells were counted to assess the self-renewal capacity of cells.
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CHAPTER 3: Identification of kinase inhibitors that effectively target recurrent
Group 3y medulloblastoma leptomeningeal metastases

3.1 Role of kinases in normal vs. cancer system

Nearly every signal transduction process almost unanimously occurs through a
phosphorylation signalling cascade (Fabbro, Cowan-Jacob, & Moebitz, 2015; Manning,
Whyte, Martinez, Hunter, & Sudarsanam, 2002). At the crux of these processes are kinases,
which through coordinated action, add high-energy phosphate groups to specific serine,
threonine or tyrosine residues. The human genome encodes 538 protein kinases (Manning
et al., 2002). Functionally, these enzymes play an important role in cell proliferation,
differentiation, migration, apoptosis, metabolism, and effector functions (Ardito, Giuliani,
Perrone, Troiano, & Lo Muzio, 2017). Therefore, dysregulation of kinases has been

implicated in various human cancers, amongst other diseases.

3.1.1 Implications of kinase inhibitors in medulloblastoma

Multiple studies have reported kinase inhibitors as effective therapeutic modalities to treat
MB (MacDonald, Aguilera, & Castellino, 2014; Park et al., 2019). Recent data
demonstrated the anti-neoplastic effects of combinatorial PI3K and mammalian target of
rapamycin (mTOR) inhibition in SHH MB (Eckerdt et al., 2019). High-throughput
screening of casein kinase 2 inhibitors in SHH MB exhibited marked sensitivity of one such
compound (CX-4945) to temozolomide, a chemotherapeutic agent commonly used to treat
GBM patients and in ongoing clinical trials for advanced MB patients (Nitta et al., 2019).

Polo-like kinase (PLK) inhibitors were effective in treating high-risk pediatric patients with

54



M.Sc. Thesis — A. A. Adile; McMaster University — Biochemistry & Biomedical Sciences

MYC-amplified Group 3 MB, alone and in combination with bromodomain and extra-
terminal motif (BET) inhibitor (MK-8628) (Han et al., 2019; Triscott et al., 2013).
Previously, metastatic MB patient samples also showed enhanced kinase and growth factor
receptor signalling (MacDonald et al., 2001). Moreover, effective multimodal approaches
targeting metastatic melanoma, breast cancer, esophageal squamous cell carcinoma, renal
cell carcinoma, and brain metastases involved the inhibition of PI3K and mitogen-activated
protein kinase (MAPK) pathways (Aasen et al., 2019; Blazquez et al., 2018; Fatehi, Soltani,
& Ghatrehsamani, 2018; B. Li et al., 2017; McKay et al., 2016; McRee et al., 2018). For
the first time, we investigated the efficacy of kinase inhibitors against treatment-refractory

Group 3y MB leptomeningeal metastases.

3.2 Results

To screen for compounds that target Group 3y MB metastatic recurrences, we isolated
human MYC-driven Group 3 MB cells from the spinal compartment of relapsed mice (HD-
MBO03-Re-sp) from our established PDX model (Figure 1a). Preliminary optimization
experiments involved the determination of Z prime (Z’) scores, which translates to the
distribution between the positive and negative controls for cell death (i.e., Z’ > 0.5 indicates
a good score; minimal overlap between controls) (Dell, 2012). Positive controls for cell
death included (i) puromycin, as HD-MBO03-Re-sp cells were not resistant to antibiotic
selection, and (ii) belinostat, a pan-HDAC inhibitor that was previously identified to kill
HD-MBO03-Re-sp cells. To optimize the screening assay, HD-MBO03-Re-sp cells were

plated at varying cell densities from 500-2,500 cells/well and treated with either 1 puM
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puromycin, belinostat or DMSO (0.1%) for 48 and 72 hours in each of the three different
culture media (Supplementary Figure 1a, b). Cell density plot for 48 and 72 hours were
similar (data not shown). DMSO-treated wells displayed comparable cell proliferation
levels to live, untreated cells, whereas puromycin and belinostat effectively inhibited MB
cells cell growth, irrespective of media conditions. While variation between each media
condition was miniscule, maximal separation between Z’ distribution curves were observed
in puromycin-treated cells, as compared to the DMSO control after 72-hour incubation with
a cell density of 2,500 cells/well (Z’ = 0.71, 0.72, and 0.79 for NCC, DMEM, and NCC +
10% DMEM, respectively). Based on these results, we chose 1 uM puromycin in NCC +

10% DMEM with 2,500 cells/well at the 72-hour timepoint for our screen.

We proceeded with screening a kinase library comprised of 640 compounds from the OICR
(Figure 1b). This library includes a large selection of compounds in various kinase classes,
of which some are currently in clinical trials and others have been previously validated in
preclinical studies. The remaining are tool compounds that have not yet been rigorously
studied. All compounds were tested in duplicates at 1 uM and defined as screen hits based
on at least one replicate exhibiting a reduction in cell viability by 50% or more. Of the 640
compounds screened, 47 compounds met this criterion, as indicated by the blue dashed line
(Figure 1c). As expected, the effect of the compounds that were screened showed a normal

distribution with respect to cell viability (Supplementary Figure 1c).
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As cells driving recurrent Group 3 MB leptomeningeal metastases originate in the brain,
we sought to investigate whether our screen hits could penetrate the BBB. If compounds
were BBB permeable and deemed effective by functional studies, they could be
administered either alone or in combination with standard chemoradiotherapy, as to
preclude or suspend disease dissemination. We completed BBB permeability analysis on
the 47 hits using in silico software, Percepta (Supplementary Table 1) and SwissADME
(Supplementary Figure 1d). Percepta calculates physiochemical, toxicity, along with
absorption, distribution, metabolism, and excretion (ADME) properties of compounds. Its
BBB permeability (termed CNS permeability) prediction analysis depends on the rate of
passive diffusion to permeability, as well as equilibration rates and distribution ratio of
compound in brain tissue and plasma. SwissSADME is a web-based tool that uses the
graphical Brain Or IntestinaL EstimateD permeation method (BOILED-Egg), which in turn
uses lipophilicity, the established Wildman and Crippen (WIlogP) partition coefficient, and
topological polar surface area (tPSA) to predict the gastrointestinal absorption and brain
penetration of compounds (Daina, Michielin, & Zoete, 2017; Daina & Zoete, 2016). Eight
compounds were predicted to be BBB permeable in one or both software (Supplementary
Figure 1e). Of these 8 compounds, 3 were eliminated based on previous reports of toxicity
(Supplementary Figure 1e). The workflow described above is shown in Figure 1d. We
identified five kinase compounds (Bl 2536, CHIR-124, Hesperadin, JNJ-10198409, and
SB-218078) that target HD-MBO03-Re-sp with in silico predicted brain penetration and no

current evidence of toxicity in literature (Figure 1e). The targets of these five compounds
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include aurora kinase B (AURKB), PLK1, checkpoint kinase 1 (CHK1), and platelet-

derived growth factor receptor beta (PDGFRp).

To validate that these compounds do not induce neurotoxicity of normal neural stem cells
in vitro, dose response studies (four-fold dilutions ranging from 2 uM to 7.6 pM) were
conducted on hNSCs and an additional biological replicate of Group 3 MB metastatic
recurrences (SU_MBO002-Re-sp) (Figure 2). Similar cell density optimization assays were
conducted using these cells (Supplementary Figure 2). As anticipated, 2,500 cells/well
provided maximal readout values and was therefore used in subsequent experiments. With
the exception of Bl 2536, all compounds showed varied responses in HD-MBO03-Re-sp and
SU_MBO002-Re-sp cells. Irrespective of this finding, compounds were effective at

inhibiting cell viability in recurrent metastatic Group 3 MB cells, while sparing hNSCs.

We next aimed to confirm the results from the in silico predicted BBB permeability
analysis. Percepta predicted that all compounds, except CHIR-124 was brain penetrable,
while SwissADME noted that CHIR-124, JNJ-10198409, and SB-218078 were likely BBB
permeable. To further characterize the hits, an established and widely used in vitro BBB
permeability assay, termed MDCKII assay was performed to determine which, if any of the
five compounds were BBB permeable. This assay is considered to be an in vitro industry
standard for evaluating CNS permeability and drug efflux (Thiel-Demby et al., 2009). The
efflux ratio of compounds would indicate whether or not it undergoes active efflux and

would thereby help determine which compounds to pursue further. This experiment was
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conducted by the OICR. They first plated monolayers of hAMDR1 Kl and cMDR1 KO cells
on polyethylene terephthalate membrane inserts. These cells orient themselves by polarity
into an apical (representative of blood) and basolateral (representative of the brain)
chambers. Upon dosing, compounds that acted as substrates of the hMDR1 would be
transported out of the brain, and thereby had poor brain penetration (Figure 3a). Higher
KI/KO ratios are characteristic of these such compounds, as evident in Bl 2536,
Hesperadin, and SB-218078. Conversely, compounds with lower the KI/KO ratio, like
CHIR-124 (KI/KO=1.0) and JNJ-10198409 (KI/KO=0.8) translate to effective BBB
permeability (Figure 3b). Preliminary optimization experiments from OICR determined
that the Papp(BA) value of MDCKII hMDR1 KI cells correlated with brain concentration,
where lower values relate to better brain penetration (data not yet validated). As the
Papp(BA) value of CHIR-124 is quite low, this compound is considered to be the best
candidate of the tested inhibitors; however, JNJ-10198409 showed the best KI/KO ratio.
Therefore, this data validated the in silico modelling and provide rationale to pursue CHIR-

124 and JNJ-10198409.

Functional profiling of these two inhibitors involved the assessment of their role in BTIC
properties upon ICso treatment. CHIR-124 and JNJ-10198409 significantly reduced cell
viability (Figure 3c), as well as ablate the self-renewal capacity of both recurrent Group 3
MB metastases through in vitro secondary sphere formation and LDA assays (Figure 3d,
e). Dose response assays were performed in the parental (HD-MB03 and SU_MB002) and

relapsed brain cells (HD-MBO03-Re-br and SU_MBO002-Re-br) (Supplementary Figure 3a-
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d). We anticipated that ICso concentrations of both compounds would reveal a stepwise and
uniform decrease from the parental to relapsed brain or spine cells. However, this was only
the case for CHIR-124 in SU_MB002, compared to SU_MBO002-Re-br and SU_MB002-
Re-sp, as well as JNJ-10198409 in HD-MBO03, compared to HD-MBO03-Re-sp
(Supplementary Figure 3e, f). Irrespective of these findings, dose response studies of
CHIR-124 and JNJ-10198409 showed selectivity for all MYC-driven parental, relapsed

brain, and relapsed spine Group 3 MB cell lines compared to hNSCs.
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Figure 1. High-throughput screen identified kinase inhibitors that target Group 3y
MB metastatic recurrences. (a) Schematic representation of patient-derived model of
recurrent Group 3 MB spinal metastases and high-throughput screen. NOD SCID mice
xenografted with treatment-naive Group 3 MB cells (HD-MBO03 and SU_MBO002) were
treated with 2 Gy of craniospinal irradiation (14 days post-engraftment), as well as cisplatin
(2.5 mg/kg), vincristine (0.4 mg/kg) and cyclophosphamide (75 mg/kg; 21-22 days post-
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engraftment for cisplatin/vincristine and cyclophosphamide, respectively). At endpoint,
spinal metastatic cells at relapse (HD-MBO03-Re-sp and SU_MBO002-Re-sp, later not shown
in figure) were harvested, isolated, and plated for chemical screen. (b) Major classes of 640
kinase compound library used in screen. Numbers in parentheses specify the number of
compounds within each class. (c) Cell viability of recurrent Group 3 MB spinal metastatic
cells (HD-MBO03-Re-sp) following compound treatment. Cells (2,500 cells/well) were
treated with 1 uM of each compound or DMSO (0.1%) and incubated for 72 hours. Each
point represents the mean of two technical replicates for a single compound, with percent
viability calculated by dividing cell viability score of compound-treated by DMSO-treated
wells for the respective row that was assayed. Error bars represent standard deviation. The
dashed, blue line indicates reduction of cell viability by 50%; seen in at least one replicate
of 47 compounds. (d) Stepwise workflow of filtering screen hits (47 of 640 compounds)
include blood-brain barrier permeability via in silico software (Percepta and SwissADME;
permeable in at least one software) and reported toxicity. Each tier of the flowchart shows
the number of compounds that met each criterion; five compounds meet all criteria. (e)
Table summarizes five hits from screen and subsequent filtering steps.

Abbreviations. PI3K, phosphoinositide 3-kinase; EGFR, epidermal growth factor
receptor; MAPK, mitogen-activated protein kinase; CDC2, cyclin-dependent kinase; FLT,
fms-like tyrosine kinase; JAK, janus kinase; AKT, protein kinase B; CHK,
checkpoint kinase; KDR, kinase insert domain receptor; CDK, cyclin-dependent kinase;
PKC, protein kinase C; PLK, polo-like kinase; GSK, glycogen synthase kinase; IGF1R,
insulin-like growth factor 1 receptor; IKK, | kappa B kinase; PIM, proviral integration site
for moloney murine leukemia virus; TGFBR, transforming growth factor beta receptor.
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Figure 2. Bl 2536, CHIR-124, Hesperadin, JNJ-10198409, and SB-218078 selectively
targeted metastatic Group 3y MB cells at tumour recurrence and spared healthy
neural cells. (a) B1 2536, (b) CHIR-124, (c) Hesperadin, (d) JNJ-10198409, and (e) SB-
218078 Kill metastatic recurrent Group 3 MB cells (n=2, HD-MBO03-Re-sp and
SU_MBO002-Re-sp) at low nanomolar concentrations, but not neural stem cells (n=1,
hNSC). Cells (2,500 cells/well) were treated with four-fold dilutions of inhibitors ranging
from 2 uM to 7.6 pM, or 0.1% DMSO for 72 hours. Points represent mean of at least three
technical replicates, normalized to DMSQO. Error bars represent standard error of the mean.
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Figure 3. In vitro functional profile of CHK1 (CHIR-124) and PDGFRp (JNJ-
10198409) inhibitors demonstrated reduced BBB permeability and stem cell
properties. (a) Schematic of MDCKII BBB permeability assay. Monolayers of human
MDCKII cells with multidrug resistant protein 1 knocked-in (MDCKII hMDR1 KI) and
canine MDCKII cells with MDR1 endogenously knocked-out (MDCKII cMDR1 KO) were
plated on cell membrane inserts. Inhibitors were dosed (pink) in either the apical (A; blood)
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or basolateral (B; brain) chambers. The rate at which compounds cross the monolayer from
their initial chamber to the other (blue) was measured by the amount of MDK1 substrate
(red dot and arrow) and drug remaining in MDCKIlI hMDR1 Kl and cMDR1 KO cells,
respectively. (b) Results from this assay were used to calculate the KI or KO efflux, and
thereafter the KI/KO ratio (listed below). The higher the KI/KO ratio, the more likely that
the compound is a substrate of MDR1 and would be transported out of the brain. (c) Cell
viability (1,000 cells/well), (d) self-renewal capacity (200 cells/well), (e) frequency of self-
renewing units (1-1,000 cells/well) through LDA assays, were measured following drug
treatment at 0.1% ICso concentration or DMSO for 72 hours. Points represent mean of at
least three technical replicates. Error bars represent standard deviation. *p < 0.05, **p <
0.001, ***p <0.0001; ****p <0.00001; unpaired t-test.
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2 Bl 2536, BI-2536 Permeable Gut permeable No reported toxicities
3 SB-218078 Permeable BBB permeable No reported toxicities
JNJ-10198409, s
4 RWJ-540973 Permeable BBB permeable No reported toxicities
5 Hesperadin Permeable Gut permeable No reported toxicities
14 Staurosporine, AM-2282  Weak permeable BBB permeable Yang et al., 2014;
Qinetal., 2012;
Cardosio et al., 2011;
Zhang and Tang, 2003
20 CHIR-124 Not permeable BBB permeable No reported toxicities
47 NH125 Weak permeable (estimated)  BBB permeable Arora et al., 2003;

Winter et al., 2011;
Grinchtein et al., 2011

Supplementary Figure 1; Related to Figure 1. High-throughput screen optimization
and filtering criteria. (a) Cell density measurement with various culture media conditions
(n=3, NCC, NCC + 10% DMEM, DMEM) in HD-MBO03-Re-sp cells after 72-hour
incubation of 0.1% DMSO versus 1 UM belinostat or puromycin (positive controls for cell
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death). 48-hour incubation data not shown. (b) Cell viability measurement of HD-MBO03-
Re-sp to determine the most suitable positive control (1 M) and timepoint for readout (48
or 72 hours), in reference to live control (0.1% DMSO). Points (a) and bars (b) represent
mean of at least three technical replicates. Error bars represent standard deviation. *p <
0.05, **p <0.001, ***p < 0.0001; ****p < 0.00001; unpaired t-test. (c) Histogram shows
normal distribution of 640 screened compounds. (d) SwissADME BOILED-Egg plot
displays distribution of compounds that are predicted to be BBB (yellow), gut (white) or
no (grey) permeable. Numbers correlate to Percepta compound numbers (Table 1). Blue
coloured points are predicted to be actively effluxed by MDR1; red coloured points are
predicted as a non-substrate of MDRL1. (e) Table summarizes additional filtering criteria of
predicted BBB permeability (Percepta and SwissADME) and reported toxicity from
preclinical studies.
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Supplementary Table 1; Related to Figure 1. Predicted Percepta blood-brain barrier
permeation properties of screen hits.

CNS No. Compound Compound target(s) Mw CNS
permeability (Da) score
Permeable 1 Torin 1 Phosphatidylinositol 3-Kinase alpha (PI3Kalpha), Mammalian Target of Rapamycin 607.64 -2.66
(mTOR; FRAP1)
2 Bl 2536, BI-2536 PLK1 (PLK, STPK13), Bromodomain-Containing Protein 4 (Brd4, HUNK1) Inhibitor 521.67 -2.76
3 SB-218078 CHK1, CDC2 (CDK1, p34cdc2, CDC28p)/Cyclin B, PKC 393.40 -2.87
4 JNJ-10198409, RWJ-540973 PDGFRb (PDGFR, PDGFR1) 325.34 -2.88
5 Hesperadin AURKB (AuroraB), Tyrosine Kinase inhibitor 516.66 -2.91
Weak 6 K-252a, K-2151 TRKA (TRK), Na+/H+ Exchanger (NHE) Inhibitor 467.48 -3.04
per I 7 PIK-75 hydrochloride PI3K 488.74 -3.12
8 BI-6727, volasertib PLK1 (PLK, STPK13) 618.83 -3.14
9 GDC-0032, RG-7604, Phosphatidylinositol 3-Kinase beta (P13Kbeta), Phosphatidylinositol 3-Kinase alpha 460.54 -3.24
Taselisib, L08J20299M (PI3Kalpha), Phosphatidylinositol 3-Kinase gamma (PI3Kgamma), Phosphatidylinositol
3-Kinase delta (PI3Kdelta), Cytochrome P450 CYP3A4
10  AZD-2014, Vistusertib mTOR Complex 1 (mTORC1) Inhibitor, nTOR Complex 2 (mTORC?2) Inhibitor 462.55 -3.24
11 ASC-069, APY 69 IRE1 (IREla, ERN1) 345.41 -3.25
12 PI1-103 PI3K 348.36 -3.27
13 Gilteritinib, ASP2215, AXL Kinase Inhibitor, FIt3 (FLK2/STK1) Inhibitor 552.72 -3.34
ASP-2215
14 Staurosporine, AM-2282 Pan kinase 466.54 -3.35
15 R03280, RO-3280, Polo-like Kinase-1 (Plk-1) Inhibitors 543.62 -3.40
R0-5203280
16 Everolimus, RAD-001, FRAP (MTOR, FRAP1), FKBP12 (Rotamase), Angiogenesis inhibitor 958.24 -3.42
Certican
17 AZD 7762, AZD-7762 CHK1, CHK2 398.88 -3.50
hydrochloride
Impermeable 18 BMS-754807 IGF1R (JTK13, IGFIR) 461.51 -3.59
19 Alvocidib, HMR-1275, CDC2 (CDK1, p34cdc2, CDC28p)/Cyclin B, CDK2/Cyclin A, CDK2/Cyclin E, CDK4/ 401.84 -3.61
L-868275, MDL-107826A, Cyclin D1, CDK6/Cyclin D3, CDK7, CDK9/Cyclin T1, Bcl-2, Mcl-1, Survivin, XIAP
NSC-649890, L-868276,
Flavopiridol
20 CHIR-124 CHK1 419.91 -3.64
21 VE-822, VX-970 ATR 463.56 -3.73
22  TAE-684, NVP-TAE684 ALK 614.21 -3.74
23 PKC-412, CGP41251, FLT3 (STK1, FLK2) 570.65 -3.76
Midostaurin
24 SNS-314 AurA (AuroraA), AurB (AuroraB), AurC (AuroraC) 430.93 -3.78
25 INK 128, INK-128, MLN0128, mTOR Complex 1 (mMTORC1), mTOR Complex 2 (nTORC2), Mammalian Target of 309.33 -3.83
MLN-0128, MLN-128, Rapamycin (mTOR; FRAP1)
TAK-228, JGHODF1U03,
Sapanisertib
26 ASC-082, APY 82 IRE1 (IREla, ERN1) 395.47 -3.91
27  VX-680, MK-0457, AurA (AuroraA), AurB (AuroraB), AurC (AuroraC), ABL1 (ABL), FLT3 (STK1, FLK2), 464.59 -3.95
Tozasertib, VX6 JAK2
28 NMS-1286937, NMS-P937 PLK1 (PLK, STPK13) 532.53 -3.96
29  AZD 7762,AZD-7762 CHK1, CHK2 398.88 -4.00
hydrochloride
30 PERK inhibitor, CP-22, PEK (PERK) 462.36 -4.10
CP-941222, PF-941222
31 NVP-BEZ235, BEZ235, PI3K 469.55 -4.13
BEZ-235, Dactolisib
32 WYE-125132, WYE-132 PI3K, FRAP (MTOR, FRAP1), nTORC1, mTORC2 519.61 -4.14
33 Rapamycin, Sirolimus, FRAP (MTOR, FRAP1), CCRS5 expression inhibitor 914.19 -4.17
Rapamune
34 TCSJINK5a JNK1 (JNK), INK2, INK3, p38a 332.42 -4.22
35  GDC-0980, G-038390, Phosphatidylinositol 3-Kinase (PI3K), Mammalian Target of Rapamycin (nTOR; FRAP1)  498.61 -4.32
R-7422, RG-7422, Apitolisib
36 A-443654, A-654 AKT1 (PKBa) 470.40 -4.32
37 Lestaurtinib, CEP-701, FLT3 (STK1, FLK2), TRKA (TRK), JAK2 439.47 -4.34
KT-5555, SPM-924
38  GSK-461364, GSK461364 PLK1 (PLK, STPK13) 543.61 -4.34
39 LY-2606368 CHK1 365.40 -4.35
40  AZD-1152-HQPA, Barasertib-  AurB (AuroraB) 507.57 -4.38
HQPA
41 Defactinib, PF-04554878, Focal Adhesion Kinase 2 (FADK2; PTK2B; PYK2) Inhibitor, Focal Adhesion Kinase 1 510.50 -4.54
PF-4554878, VS-6063 (FADK1; PTK2) Inhibitor
42 ON-01910Na, Estybon, PLK1 (PLK, STPK13) 473.47 -4.65
Rigosertib sodium,
ON-1910Na, Onc-01910,
SyB C-1101, SyB L-1101,
Novonex
43 HDS 029 EGFR (ERBB1, HER1), ErbB2 (TKR1, HER2, NEU), ErbB4 (HER4) 355.76 -4.70
44 Dinaciclib, MK-7965, CDK2/Cyclin A, CDK5/p25, CDC2 (CDK1, p34cdc2, CDC28p)/Cyclin B, CDK9/Cyclin T1 396.50 -4.79
NSC-727135, SCH-727965
45 Compound 71 DYRK1A (DYRK) 486.41 -5.14
46 Cdk1/2 Inhibitor 11 CDC2 (CDK1, p34cdc2, CDC28p)/Cyclin B, CDK2/Cyclin A 42543 592
Weak 47 NH125 eEF2K activator 524.58 NA

permeable
focti N
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Supplementary Figure 2; Related to Figure 2. Validation of optimal cell density
plating in additional cell lines. Cell density measurements of 0.1% DMSO treated (a)
hNSC and (b) SU_MB002-Re-sp cells were completed in NCC only conditions, after 72-
hour incubation of 0.1% DMSO. Points represent mean of at least three technical replicates.
Error bars represent standard deviation.
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Supplementary Figure 3; Related to Figure 3. Dose response studies of CHIR-124 and
JNJ-10198409 did not demonstrate selectivity to metastatic Group 3y MB cells at
tumour recurrence. Four-fold dilutions of (a, b) CHIR-124 and (c, d) JNJ-10198409 from
2 UM to 7.6 pM, or DMSO (0.1%) were plated with grafted Group 3 MB cells (HD-MBO03,
SU_MBO002) and recurrent cells isolated from the brain (HD-MBO03-Re-br, SU_MB002-
Re-br) for 72 hours. Points represent mean of at least three technical replicates, normalized
to DMSO. Error bars represent standard error of the mean. (e, f) Tables summarize data
from dose response curves. Refer to Chapter 2: Materials and Methods for calculations in

(e, ).
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CHAPTER 4: Novel HDACG6 inhibitors target metastatic, treatment-refractory
Group 3y medulloblastoma

4.1 Role of histone deacetylases in normal vs. cancer system

Next-generation sequencing, methylation profiling and gene expression studies have
determined that primary MB samples harbor mutations associated with epigenetic
regulators, amongst other genetic alterations in oncogenes and tumour suppressors. One
epigenetic modulator widely studied in the context of MB is histone deacetylase (HDAC)
(Zwergel et al., 2018). This family consists of classes | (HDACs 1, 2, 3, 8), lla (HDACs 4,
5,7,9), llb (HDACs 6, 10) and IV (HDAC11) that catalyze removal of acetyl groups from
lysine residues and promote gene silencing through chromatin condensation which block

transcription (Kolbinger et al., 2018).

4.1.1 Implications of histone deacetylase inhibitors in medulloblastoma

HDAC inhibition has been shown to treat various hematological malignancies, along with
MB (Zwergel et al., 2018) (mainly HDAC1, HDAC2, HDAC4, HDAC 6/8/10, class |
HDACSs and class Ila HDACs) (Canettieri et al., 2010; Ecker et al., 2015; Kolbinger et al.,
2018; Lee et al., 2011; X. N. Li et al., 2005; Shu et al., 2006; J. Yuan, Llamas Luceno,
Sander, & Golas, 2017). A recent study demonstrated that combining HDAC and
MAPK /extracellular signal-regulated kinase (ERK) inhibitors may poise as an effective
treatment for MB. Combining sodium butyrate, a class | and Il HDAC inhibitor, with
MAPK/ERK inhibition worked cooperatively to decrease MB proliferation (da Cunha

Jaeger et al., 2020). Most interesting was the use of FDA approved pan-HDAC inhibitor,
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panobinostat, which suppressed leptomeningeal seeding in commercialized Group 3 MB
cell lines (Phi et al., 2017). Although promising, work on our patient-derived Group 3 MB

lines would more accurately recapitulate metastatic recurrences of the human MB.

4.1.2 Migratory role of histone deacetylase 6 in cancer

Despite the use of HDAC inhibitors in MB, HDACS has yet to be studied. In comparison,
HDACG6 is a widely characterized target in many other cancers due to its role in
tumorigenesis, cell survival, motility, chemoresistance, and DNA damage response
(Aldana-Masangkay & Sakamoto, 2011). HDACSG inhibition resulted in cell cycle arrest
and apoptosis in oral squamous cell carcinoma, while overexpression increased cell
migration in multiple myeloma (Hideshima et al., 2005; Sakuma et al., 2006; Wickstrom,
Masoumi, Khochbin, Fassler, & Massoumi, 2010). Dual HDACS6/8 inhibitor, BRD73954,
effectively targets metastatic melanoma and hepatocellular carcinoma cells (J. Liu et al.,
2016; Yin, Xu, Xu, Zheng, & Gu, 2018). Consistent with this study was the acceleration of
metastatic traits in hepatocellular carcinoma cells upon HDACG6 overexpression (Kanno et
al., 2012). In colorectal cancer metastases, SNAIL2, an important transcription factor
involved in TWIST1-incuded EMT, was shown to interact with HDACG6 (Hu et al., 2018).
Subsequently, E-cadherin expression was inhibited, following recruitment of HDACG6 and
polycomb repressive complex 2 to the promoter of E-cadherin, which promoted EMT,
invasion and cell motility of colorectal cancer cells (Hu et al., 2018). HDACG6 expression
mediated by ubiquitin-binding protein P62, promoted EMT in prostate adenocarcinomas

(Jiang et al., 2018). Cooperation between HDACG6 and sirtuin 2 also promotes these
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metastatic properties in bladder cancer (Zuo, Wu, Li, Zhao, & Chen, 2012). Virtual
screening reported that HDACSG inhibitors, particularly cefoperazone sodium, impede
migration and invasion of human pancreatic cancer cells with an 1Cso of ~8.5 uM (Song et
al., 2020). Even in vitro and in vivo models of triple negative breast cancer, which
commonly metastasizes, demonstrated a significant reduction in metastasis upon HDAC6
inhibitor treatment (Hsieh, Tu, Pan, Liou, & Yang, 2019). In neuroblastoma,
downregulation of HDACG6 decreased invasiveness of multiple human cell lines, while
minimally affecting human normal glial cells (Zhang et al., 2014). Tubastatin A, a selective
HDACS inhibitor, also reduced mesenchymal marker expression and migration properties,
while enhancing temozolomide-induce cell death (Urdiciain et al., 2019). Similar results
were found with another compound (J22352) in GBM, where the authors noted the inhibitor
promoted anti-tumorigenic effects via autophagy modulation (J. R. Liu, Yu, Hung, Hsin,

& Chern, 2019).

4.2 Results

Previous data demonstrated sensitivity of HD-MBO03 to HDAC inhibitors (Milde et al.,
2012). To validate that these compounds target our metastatic Group 3y MB recurrent
samples, we tested a number of repurposed HDAC inhibitors. This included both pan-
HDAC (belinostat and vorinostat) and HDACG6-selective (citarinostat and ricolinostat)
inhibitors. Ricolinostat was the first HDACG6-selective inhibitor to be identified and is 10-
15-fold selective for HDACG. From ricolinostat, citarinostat was derived and demonstrates

13-18-fold selectivity for HDACS6, as opposed to HDAC1-3 (Cosenza & Pozzi, 2018;
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Huang et al., 2017). Dose response studies of all compounds were completed in hNSCs and
HD-MBO03-Re-sp, using two-fold dilutions from 20 uM to 39 nM (Figure 4). Cell density
and timepoint readout were consistent with previous methods (refer to Chapter 3: 3.2
Results), but in NCC only culture conditions. All compounds show a mere two-fold
difference between ICso concentrations, with the exception of belinostat with a nearly 25-

fold difference.

Given our knowledge of HDAC6’s role in migration, we tested the novel HDACG6-selective
compounds from Dr. Patrick Gunning’s lab (Aldana-Masangkay & Sakamoto, 2011).
Compounds N2 and N3 were derived from N1. Similarly, compounds T2 and T3 were
derived from T1. These compounds reported marked selectivity for HDACG, more so than
citarinostat and ricolinostat. Dose response studies completed on compounds T1, T2, and
T3 displayed selectivity for HDAC6, compared to other HDACs (confidential; data not
shown). In particularly, compound N2 showed 125-fold selectivity for HDACG6 over other
HDACs (confidential; data not shown). Additional selectivity profiles of the remaining

compounds are currently underway.

Dose response curves were generated following two-fold dilutions from 20 uM to 39 nM
(data not shown). This data indicated that additional dilutions could better capture the 1Cso
concentrations for both HD-MBO03-Re-sp and SU_MBO002-Re-sp. Consequently, we plated
two-fold dilutions of each inhibitor from 5 pM to 9.8 nM in hNSCs and both biological

replicates of MYC-amplified Group 3 MB metastatic recurrences (Figure 5). Compared to
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citarinostat, all compounds were highly potent in targeting metastatic MB cells at low
nanomolar concentrations (Supplementary Figure 4a). Of note, the therapeutic window
between hNSCs and MB cells was at least a 14-, 11-, and 5-fold difference in compounds
N1, N3, and T3, respectively (Figure 5 a, ¢, ). Compound N2 showed similar 1Cso
concentrations amongst biological replicates but had at least a 3-fold therapeutic window
between hNSCs and MB cells (Figure 5b). Similarly, a 2-6-fold difference in 1Cso
concentrations of hNSCs and MB cells was observed in compound T1 (Figure 5d).
Compound T2 targeted hNSCs at lower nanomolar concentrations that HD-MBO03-Re-sp
(Supplementary Figure 4b). Based on this data, we discontinued studies of compound T1
and T2. To characterize the remaining compounds, we treated cells from both metastatic
Group 3y MB recurrence samples with 1Cso concentrations, comparing results to DMSO
and citarinostat. Cell viability assays revealed compound N2 to be the most effective in
both biological replicates (Figure 6a, b). All four novel HDACG6-selective inhibitors
demonstrated similar self-renewal capacity to citarinostat in HD-MBO03-Re-sp and
SU_MBO002-Re-sp (Figure 6c, d). The effect of these inhibitors on BTIC frequency was
assessed (Figure 6e, f). DMSO wells were BTIC-enriched; however, variability was
observed amongst all HDACG6 inhibitors. Due to the substantial therapeutic window of
compounds N1 and N3, we anticipated that results would confer with functional profiling.
However, compounds N1 and N3 were less effective as citarinostat. Compound T3
exhibited similar results to citarinostat in HD-MBO03-Re-sp in each functional assay, but
not in SU_MBO002-Re-sp. Lastly, compound N2 was more effective at attenuating cell

viability and self-renewal of both biological replicates when compared to citarinostat.
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However, outsourced in vitro BBB permeability results reported high BBB permeability

for compound T3, but not for compound N2.
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Figure 4. Belinostat showed a substantial therapeutic window between Group 3y MB
leptomeningeal metastases at tumour recurrence and hNSCs. Two-fold dilutions of (a)
belinostat, (b) citarinostat, (c) ricolinostat, and (d) vorinostat from 5 pM to 9.8 nM, or
DMSO (0.1%) were plated in HD-MBO03-Re-sp and hNSCs for 72 hours. Points represent
mean of at least three technical replicates, normalized to DMSO. Error bars represent
standard error of the mean. Belinostat and vorinostat are non-selective HDAC inhibitors,
while citarinostat and ricolinostat are selective for HDACS.
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Figure 5. Dose response studies of novel HDACG6-selective inhibitors demonstrated
variable therapeutic windows between Group 3y MB metastatic recurrences and
hNSCs. Two-fold dilutions of compounds from 5 uM to 9.8 nM, or DMSO (0.1%) were
plated in HD-MBO03-Re-sp, SU_MB002-Re-sp, and hNSCs for 72 hours. Points represent

mean of at least three technical replicates, normalized to DMSO. Error bars represent
standard error of the mean.
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Figure 6. In vitro functional profile of top HDACG6-selective inhibitors revealed
variable response in stem cell assays, compared to citarinostat. (a, b) Cell viability
(1,000 cells/well), (c, d) self-renewal capacity (200 cells/well), (e, ) frequency of self-
renewing units (1-1,000 cells/well) through LDA assays, were measured following
compound (Cmpd) treatment at 0.1% 1Ceo concentration, or DMSO for 72 hours. Points
represent mean of at least three technical replicates. Error bars represent standard deviation.
*p <0.05, **p <0.001, ***p <0.0001; ****p <0.00001; unpaired t-test. Refer to Chapter
2: Materials and Methods for calculations in (e, f).
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Supplementary Figure 4; Related to Figure 5. Additional dose response curves of
selective HDACG6 compounds. Two-fold dilutions of (a) citarinostat from 5 uM to 9.8 nM,
or DMSO (0.1%) were plated with SU_MBO002-Re-sp and incubated for 72 hours. Similar
experimentation was conducted for (b) compound T2 in HD-MBO03-Re-sp and hNSCs.
Points represent average of quadruplicates, normalized to DMSO. Error bars represent
standard error of the mean.
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DISCUSSION

MYC-driven MB correlates with very high-risk stratification and extremely poor clinical
outcome. Despite the best current therapeutic strategies comprising surgery and intensified
chemoradiotherapy, MYC-amplified Group 3y MB often experience metastatic tumour
recurrence in the spinal leptomeninges. These MB leptomeningeal metastases are poorly
characterized, yet they remain the leading cause of death in MB patients that experience

relapse. This highlights a pivotal gap in current research.

Despite our limited understanding of Group 3y MB metastatic recurrence, multiple studies
highlighted the importance of kinases and HDACs in MYC-driven MB, leptomeningeal
metastases, and metastatic cancers. This led to the conception of this thesis, where we
hypothesized that kinase and HDAC inhibitors would serve as effective therapies against

MYC-amplified Group 3 MB metastatic recurrences.

Previous studies have commonly used immortalized and genetically modified MB cell
lines. Instead, we used MB cells isolated from the spines of tumour-bearing mice from our
novel PDX model that recapitulates MB recurrence. As a control for toxicity, we used fetal
hNSCs, which represent the population of healthy cells that must be unaffected by any

prospective drug for the treatment of MB.
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5.1 Biological relevance of high-throughput kinase screen hits

In Chapter 3, we identified the following five kinase inhibitors: Bl 2536, CHIR-124,
Hesperadin, JNJ-10198409, and SB-218078. We deduced that these inhibitors were
biologically relevant for the treatment of recurrent Group 3y MB spinal metastases, as their
targets were previously implicated in MYC-driven MB and metastasis literature. For
instance, AURKRB is involved in microtubule-kinetochore attachment, promoting cell cycle
and survival of cancer cells (Tang et al., 2017). AURKB expression is regulated by MYC
and MB cells expressing MY C are sensitive to these inhibitors (den Hollander et al., 2010;
Diaz et al., 2015). Previous studies also revealed the sensitivity of MY C-expressing tumour
cells to mitosis inhibition, which AURKB inhibitors ensue (D. Yang et al., 2010).
Furthermore, AURKB inhibition decreased cell proliferation in metastatic melanoma
(Porcelli et al., 2015). PLK1 is responsible for several parts of the cell cycle, ranging from
mitotic entry regulation to facilitating DNA replication (van de Weerdt & Medema, 2006).
NanoString nCounter analysis of 72 MB patients indicated that PLK1 gene expression is
very high in tumour samples, when compared to normal cerebellar tissue (Triscott et al.,
2013). High expression of PLK1 also correlated with poor clinical outcome. Chemical
screens of 129 compounds featured in clinical trials with primary MB samples determined
that PLK1 inhibitors, particularly Bl 2536, showed promise in SHH and Group 3 MB. Bl
2536 attenuated cell proliferation, self-renewal, and cell cycle progression, while sparing
hNSCs, which is consistent with the results of our screen (Triscott et al., 2013). Moreover,
CHK1 plays a pivotal role in response to single strand DNA breaks and is responsible for

later S and G2/M phase arrest (Matthews, Jones, & Collins, 2013). CHK1 is highly
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expressed in MB and increased expression correlates with poor clinical prognosis of MYC-
amplified Group 3 MB patients (Prince et al., 2016). Small molecule inhibitors and
knockdown of CHK1 showed efficacy against commercial primary and recurrent (brain)
Group 3 and SHH MB cells (Prince et al., 2016). Transcription, proteomic and
phosphoproteomic analysis on 41 flash-frozen primary MB samples revealed that kinases
were involved in cell cycle regulation of Group 3 MB tumours (Forget et al., 2018). A study
on B-cell lymphoma reported the correlative relationship between MYC and CHKZ1;
strongly suggestive that these inhibitors constitute potential therapies for MYC-driven
neoplasms (Tang et al., 2017). Lastly, PDGFRp is important in signal transduction. Gene
expression profiling of 23 MB patient samples at diagnosis delineated the genes associated
with metastatic and non-metastatic specimens (MacDonald et al., 2001). PDGFRp was
shown to be overexpressed in metastatic MB patient samples (Gilbertson & Clifford, 2003;
MacDonald et al., 2001). This receptor tyrosine kinase also contributed to the enhanced
migration and invasion of commercially available Group 3 MB cell lines (Abouantoun &
MacDonald, 2009). PDGFRf-mediated phosphorylation of ERK, concomitant activation
of other serine/threonine kinases (Racl and Pakl), and suppression of Ras-homologous
(Rho) signalling collectively promoted migration (Abouantoun & MacDonald, 2009; L.

Yuan, Santi, Rushing, Cornelison, & MacDonald, 2010).

Based on the BBB permeability data, we further investigated CHIR-124 and JNJ-

10198409. CHIR-124 is a potent, quinolone-based inhibitor with over 2300-fold selectivity

of CHK1 over CHK2 (Ronco, Martin, Demange, & Benhida, 2017). This compound is

82



M.Sc. Thesis — A. A. Adile; McMaster University — Biochemistry & Biomedical Sciences

orally bioavailable and previously exhibited anti-neoplastic activity in preclinical models
of breast cancer (Tse et al., 2007). No studies with CHIR-124 monotherapy have been
conducted. Instead, CHIR-124 is shown to act as a radiosensitizer in human colorectal
cancer and synergize with gemcitabine (chemotherapy) in a pancreatic tumorsphere model,
while cooperating with chemoradiotherapy in melanoma cell lines (Tao et al., 2009; Tse et
al., 2007). This inhibitor promotes topoisomerase | damage in melanoma cell lines, but in
vivo studies observed no evidence of toxicity or significant weight loss (Tao et al., 2009;
Tse et al., 2007). While CHIR-124 has not been studied in the treatment of MB, another
CHKT1 inhibitor (prexasertib) showed promising BBB pharmacokinetics upon treatment to
tumour-bearing mice and is currently in clinical trials for recurrent non-WNT MB patients

in combination with cyclophosphamide or gemcitabine (Weiss et al., 2013).

In addition, studies showed the antiproliferative activity of JNJ-10198409 in colon cancer,
melanoma, breast cancer, leukemia, and neuroblastoma (D'Andrea, Mei, Tuman,
Galemmo, & Johnson, 2005; Fujitani, Grinshtein, Smith, & Kaplan, 2012; Ho et al., 2005).
The compound is highly selective for PDGFR, having showed significant and moderate
activity against downstream proto-oncogene Abelson murine leukemia viral oncogene
homolog 1 (c-Abl) and proto-oncogene tyrosine-protein kinase Src (c-Src), respectively
(Plattner, Koleske, Kazlauskas, & Pendergast, 2004). Fujitani et al. (2012) demonstrated
that the compound does not affect primary pediatric neural crest-like stem cells. Similarly,
JNJ-10198409 induced mitotic arrest and cell death in GBM-derived neural tissue, but not

hNSCs. This compound likely acts by an apoptotic mechanism, as cell death was caspase-
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dependent, Annexin-V positive, and triggered PARP cleavage (Danovi et al., 2013).
Preliminary work also demonstrated that JNJ-10198409 acts against angiogenesis — an
important property in metastasis. Similar to CHIR-124, JNJ-10198409 has only been
preclinically validated. A non-selective receptor tyrosine kinase inhibitor (sunitinib), dual
Ber-Abl and Src family tyrosine kinase inhibitor (dasatinib), and selective PDGFRa and f3
inhibitor (crenolanib) are currently in clinical trials for treatment of refractory GBMs, high-
grade gliomas, diffuse intrinsic pontine gliomas, solid tumours, as well as non-small cell
lung cancer patients with brain metastases (MD Anderson Cancer Center, 2020; National
Cancer Institute, 2019; Pfizer, 2011; St. Jude Children's Research Hospital, 2017;

University of Michigan Rogel Cancer Center, 2019).

5.2 HDACSG inhibitor therapy for Group 3y medulloblastoma metastatic recurrences
For the first time, we demonstrated the efficacy of novel HDACG6-selective inhibitors
against Group 3 MB, as described in Chapter 4. Most compounds effectively inhibited cell
viability and self-renewal in treatment-refractory, metastatic Group 3y MB cells. However,
only compound T3 was predicted to be BBB permeable and will thereby be the focus of
future studies, as we aim to target the MB cells in the brain to prevent metastatic recurrence.
Overall, our data revealed that HDACS inhibitors are a rationale therapeutic modality for

leptomeningeal dissemination of recurrent, MYC-driven Group 3 MB.

HDACSG-selective inhibitor, ricolinostat, significantly inhibited cell proliferation and

triggered G2/M arrest through PISK/AKT/mTOR and ERK pathways in esophageal
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squamous cell carcinoma (Cao et al., 2018). Similar effects were observed in colon cancer
cells, with the addition of suppressing migration and invasion (Tan et al., 2019). Current
clinical trials employ ricolinostat for relapse lymphoid malignancies, metastatic breast
cancer, multiple myeloma, metastatic cholangiocarcinoma, and unresectable non-small cell

lung cancer.

Analysis of MB leptomeningeal metastasis at diagnosis revealed that chemoattractant
chemokines contribute to a tumorigenic microenvironment by infiltrating monocytes and
triggering their differentiation (Wu et al., 2012). Conversely, HDACS6 deficiency attenuated
this monocyte/macrophage recruitment and thereby may discourage this aberrant
microenvironment (Yan et al., 2018). In addition, phosphatase and tensin homolog (PTEN)
inhibition was recently implicated in driving metastatic MYC-driven Group 3 MB (Ferrucci
etal., 2018). HDACEG inhibition led to PTEN activation via K163 acetylation; both of which
contributed to anti-tumour effects (Meng, Jia, & Gan, 2016). Taken together, HDACG6
inhibitors may activate PTEN in Group 3y MB to suppress disease dissemination. Rho-
associated coiled-coil kinase (ROCKZ1 and 2) family are important in regulating EMT, cell
cycle, migration, and invasion. High gene expression of ROCK2 was associated with
metastatic, as compared to non-metastatic MB tumours (Dyberg et al., 2019). ROCK
phosphorylation of tubulin polymerization promoting protein 1 (TPPP1) interfered with the
interaction between TPPP1 and HDACS6, which elevated levels of HDAC6 (Schofield,

Steel, & Bernard, 2012).
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5.3 Future directions

While our data is promising, additional experiments are warranted to comprehensively
understand the mechanism of action at which these compounds affect Group 3y MB
metastatic recurrences. To first confirm the specificity of the compounds, analysis of
protein expression of CHK1, PDGFRp, and HDAC6 in HD-MBO03-Re-sp, SU_MBO002-Re-
sp, and hNSCs must be completed, both pre- and post- inhibitor treatment. Whole cell
proteomics would elucidate the pathways inhibited by each compound. In vitro
chemoradiotherapy, cell migration, cell cycle analysis, and apoptosis assays should also be
conducted to gain a more comprehensive functional profile of these inhibitors. All studies

should be replicated in additional ANSC and MB lines.

Results from in vitro chemoradiotherapy experiments will likely be useful in determining
which compounds, if any, sensitize the aggressive MB cells to chemotherapy or radiation.
This data may help dictate the timepoint (prior to radiation or chemotherapy) at which
inhibitor treatment should be administered in vivo. Findings from previous studies suggest
that CHKZ1 inhibition in MYC-amplified cells may complement radiotherapy (W. J. Wang
etal., 2013). The fact that CHIR-124 sensitizes tumour cells to radiation and chemotherapy
implies that it may induce a similar response in MB (Tao et al., 2009; Tse et al., 2007). In
addition, CHK1 and HDACSG depletion independently increased the sensitivity of MB and
non-small cell lung cancer cells to cisplatin, respectively (Prince et al., 2016; L. Wang et
al., 2012). This data suggest that CHIR-124 and compound T3 may also sensitize MB cells

to this chemotherapeutic agent.
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As CHIR-124, JNJ-10198409, and compound T3 are predicted to penetrate the brain, we
aim to target the migratory MB cells in the brain to prevent metastatic tumour recurrence.
Our findings that CHIR-124 and JNJ-10198409 are not selective to relapsed spine cells, by
comparison to parental and relapsed brain cells, which further supports administering these
inhibitors early in treatment (Supplementary Figure 3). Moreover, CHIR-124 and JNJ-
10198409 are both orally bioavailable and were well tolerated in breast and colon cancer
PDX models, respectively (D'Andrea et al., 2005; Tse et al., 2007). The vehicle and mode
of delivery must be determined for compound T3. Following this,
pharmacokinetic/pharmacodynamic and maximal tolerated dose studies in healthy mice
must be performed for each inhibitor individually, and alongside standardized
chemotherapy regimens and craniospinal irradiation. Similar experiments should be
conducted with citarinostat to elucidate whether compound T3 demonstrates superior
preclinical efficacy, as compared to citarinostat. Collectively, in vivo efficacy of each
inhibitor will be defined by survival, tumour burden in local and metastatic sites, off-target
effects, and toxicity both individually, and in combination with mouse-adapted

chemoradiotherapy.

Notably, in vitro synergy between the three identified compounds should be evaluated, as
combinatorial therapy is more effective than monotherapy. Moreover, development of
rational combined therapies that concurrently inhibit multiple nodes of cell signalling

pathways may be more efficacious than a single modality. As both HDAC6 and CHK1 are
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involved in cell cycle regulation, compound T3 and CHIR-124 may cooperatively enhance
their effect on Group 3y MB metastatic cells isolated at relapse. A recent study in non-
small cell lung cancer revealed that HDACG6 directly interacts with CHK1 via
ubiquitination in vivo (Moses et al., 2020). They noted that HDAC6 knockdown led to
activation of CHK1 (Moses et al., 2020). In MYC-amplified Group 3 MB, high CHK1
expression correlated with poor clinical outcome (Prince et al., 2016). Therefore, we
postulate that combined inhibition of HDAC6 and CHK1 via compound T3 and CHIR-124

may show improved therapeutic potential, as compared to monotherapy.

Overall, patients with Group 3y MB have the worst clinical outcome due to the high
incidence of tumour recurrence and metastasis. Given their limited therapeutic options
available beyond current, ineffective salvage therapies, our PDX model provided a robust
platform to study this rapidly progressive, metastatic disease. Taken together, this thesis
identified selective inhibitors that were effective at targeting aggressive, Group 3y MB
leptomeningeal metastatic cells isolated at relapse. Characterization of these CHK1,
PDGFRp, and HDACS6 inhibitors through additional preclinical investigation will be able
to elucidate their clinical utility in treating relapsed MB patients with leptomeningeal

dissemination, whom are often limited to palliation.
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